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ABSTRACT 
EVALUATION AND IDENTIFICATION OF SOYBEAN APHID RESISTANCE SOURCES AND 
MAPPING OF SOYBEAN APHID RESISTANCE LOCI IN EARLY MATURING SOYBEAN 
GERMPLASM ACCESSIONS 
SIDDHI J BHUSAL 
2016 
Soybean aphid (Aphis glycines Matsumura) has been a major pest of soybean 
[Glycine max (L.) Merr.] in North America, particularly in the northern United States and 
three Canadian provinces. At least four biotypes of soybean aphid have been confirmed 
in the United States. Identification of soybean aphid resistance sources in early-
maturing soybeans and genetic characterization of new sources of resistance will 
facilitate to expand the gene pool of soybean aphid resistance and thus will help to 
develop soybean aphid resistant cultivars. To identify new sources of resistance in early 
maturing soybeans, 330 soybean germplasm accessions from Maturity Group (MG) I, 
along with 11 resistant or susceptible checks, were evaluated against soybean aphid in 
greenhouse by caged (no-choice) and non-caged tests. Germplasm accessions that 
showed resistance in these tests were then tested in the field under natural infestations 
supplemented by artificial infestation. In the greenhouse tests, accessions PI 189946, PI 
153214, and PI 437075 exhibited low SA levels (<50 aphids plant-1  in caged test and SA 
score of 1.3 or less in non-caged test) similar to those on resistant checks. Six accessions 
(PI 378663, PI 603587A, PI 567250A, PI 603326, PI 603339A, and PI 603546A) showed 
moderate aphid resistance with <135 aphids plant-1 in caged and SA score of 2.3 or less 
xi 
 
in non-caged test. In the field, PI 567250A and PI 603339A performed similar to resistant 
checks, and PI 153214 and PI 437075 showed moderate aphid resistance. Across all 
three tests, PI 567250A and PI 603339A exhibited consistently low levels of aphid 
infestation and thus may be useful in soybean breeding as newly identified sources of 
SA resistance. To characterize the genetic basis of soybean aphid resistance in PI 
603712, a newly identified resistant gemplasm line, 142 F2 plants derived from the cross 
‘Roberts’ x PI 603712 and their parents were evaluated for soybean aphid resistance in 
the greenhouse, and were genotyped with BARCSoySNP6K Illumina Infinium II BeadChip. 
A genome-wide molecular linkage map was constructed with 1495 polymorphic SNP 
markers. QTL analysis revealed that PI 603712 possessed two major loci of soybean 
aphid resistance, which were located on chromosome 7 and 16, respectively. The locus 
on chromosome 7 was dominantly expressed and positioned about one Mega-base-pair 
(Mb) far from the previously identified resistance locus Rag1. The locus on chromosome 
16 was partially dominant and positioned near the previously identified resistance locus 
Rag3. Interestingly, two minor loci for susceptibility were also detected on 
chromosomes 13 and 17 in PI 603712. In developing soybean aphid resistant cultivars 
through marker-assisted selection, an appropriate combination of resistance loci should 
be selected when PI 603712 is used as a donor parent of resistance. To dissect the 
genetic architecture of soybean aphid resistance, genome-wide association study 
(GWAS) was conducted in a population consisting of 330 early maturing germplasm 
accessions which were genotyped with the Illumina Infinium SoySNP50K BeadChip. 
Phenotyping was performed in the USDA-ARS Eastern South Dakota Soil and Water 
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Research Farm near Brookings in summer, 2011. Fourteen loci were identified to be 
associated with soybean aphid resistance on nine chromosomes, of which seven were 
not previously reported to carry loci associated with soybean aphid resistance. Leucine 
rich repeat (LRR) family protein and protein kinase superfamily protein were 
predominant protein associated with soybean aphid resistance or susceptibility. 
Identification of soybean aphid resistance associated loci in the newer and refined 
chromosomal regions provides more extensive and in-depth insight of genetic 
association of the trait in the soybean genome. 
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CHAPTER I 
INTRODUCTION 
History of soybean production 
Soybeans (Glycine max (L.) Merrill) are grain legumes native to East Asia 
(Hymowitz, 1970) and are grown throughout the World for protein and oil.  Soybeans 
contribute 71% of World protein meal and 61% of oilseed production (SOYSTATS, 2016). 
The United States contributes 33% of the World’s soybean production, followed by 
Brazil (31%), Argentina (18%), China (4%), Paraguay (3%), India (2%), and Canada (2%) 
(SOYSTATS, 2016). Soybean seeds contain approximately 40% protein and 20% oil (Fehr, 
1987; LiJuan et al., 2010). Soybean is used for human consumption as meal products, 
fats, and oils; and for animal consumption as a component of feed formulations.  It is 
also used in various industrial products such as antibiotics, lubricants, biodiesel fuel, 
engine oils, dyes, etc. (SOYSTATS, 2016). 
Soybean was first domesticated around the 11th century B.C. in the eastern half 
of northeast China, which is considered the primary center of origin, and disseminated 
by 16th century A.D. to south China, Korea, Japan, Nepal, India, and Southeast Asia 
(Hymowitz, 1970; Hartman et al., 2011). In Europe, soybean plantings were first 
recorded in 1737 (Hartman et al., 2011). In 1765, soybean was brought to the United 
States for the first time by Samuel Bowen from China via England and planted by Henry 
Yonge in Thunderbolt Georgia (Hymowitz and Harlan, 1983).   
In the early years, soybean was cultivated as a forage and green manuring crop 
in the United States. Soybean seeds were processed in 1911 for the first time for oil and 
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soybean meal. In 1922, a successful expeller plant for oil extraction was established. 
Afterwards, farmers cultivated soybeans for beans. Out of a total acreage of 634,165 
hectares, only 28.6% of area planted was harvested for beans by 1924 (Dutton, 1981; 
USDA-NASS, 2005). Acreage of soybean cultivation for beans increased by two-thirds by 
1943 (Dutton, 1981). Soybeans are now grown in more than 30 states of the United 
States with a total acreage of 30.4 million hectares and an average yield of 3.2 MT per 
hectare. Total soybean production in the United States is 107.0 million MT annually. 
South Dakota ranked seventh in production of soybean in the United States during 2015, 
with 6.4 million MT of soybean production on 2.08 million hectares, with an average of 
3.1 MT per hectare (SOYSTATS, 2016).   
Growth, development, and maturity of soybeans 
On the basis of mode of growth and development, Soybeans in the United States 
are classified as indeterminate, semi-determinate and determinate (Fehr, 1987; 
McWilliams et al., 1999). Flowering in indeterminate and semi-determinate soybeans 
begins after about half of the nodes have developed, while flowering of determinate 
soybeans begins at or near terminal node development (Fehr, 1987). Indeterminate and 
semi-determinate soybeans develop vegetative and reproductive growth 
simultaneously, and pod and seed development progresses towards the top of the 
plant. Development of all pods and seeds in determinate soybeans begins at the same 
time throughout the plant. Semi-determinate soybeans terminate their growth sooner 
than indeterminate soybeans. However, the seeds developed in all flowers (or pods) 
mature at the same time in all the growth types of soybeans. Indeterminate soybeans 
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are taller soybeans whereas determinate soybeans are dwarf. Height of determinate 
plants is 40 - 60% less than that of indeterminate soybeans (McWilliams et al., 1999). 
Soybean is a short day plant (requires a long period of darkness to flower) and 
warm temperatures control flowering (McWilliams et al., 1999). The vegetative stages 
are denoted as VE (emergence), VC (unifoliate stage), V1 (first trifoliate) up to Vn (n
th 
trifoliate). The reproductive stages generally start after V6 stage and undergo eight (R1 
to R8) stages (McWilliams et al., 1999). In general, R1 and R2 are the flowering stages, R3 
and R4 are the pod development stages, R5 and R6 are the seed development stages, and 
R7 and R8 are the plant maturation stages (McWilliams et al., 1999). 
Soybean genotypes are categorized in different maturity groups (MG) on the 
basis of their adaptation within certain latitudinal belts that each belt across east to 
west in the United States runs about 100 to 150 miles from north to south (McWilliams 
et al., 1999). Out of 13 maturity groups, 12 groups (MG 000 through MG IX) are grown in 
North America (Canada and the United States), and MG X is grown in South America 
(Fehr, 1987). Generally, MG 000 through IV are indeterminate genotypes and grown in 
northern latitudes, and MG V through X are determinate genotypes and grown in 
southern latitudes. However, all growth types i.e. indeterminate, semi-indeterminate 
and determinate soybeans are also found in almost all maturity groups. 
Soybean aphid, biology, and geographic distribution 
Soybean aphid (Aphis glycines, Matsumura; Hemiptera: Aphididae) (Matsumura, 
1917) is a pale yellow or yellowish green pear-shaped soft-bodied small insect (1/16 
inch). It has two dark-tipped cornicles towards the rear of the abdomen, a pair of pale 
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antennae, three pairs of legs and an elongated oval tail (cauda) with 6-11 setae 
(Matsumura, 1917; Voegtlin et al., 2004). The alate (winged) form of soybean aphid 
adults bears 2 pairs of transparent wings, dark thorax and cornicles (Tilmon et al., 2011).  
Soybean aphid is a host alternating species (Blackman and Eastop, 2000) and 
possesses a heteroecious holocyclic lifecycle alternating two unrelated host plants. It 
completes the sexual reproduction in buckthorn (Rhamnus spp.) (a primary host) during 
fall, and asexual reproduction (parthenogenesis) in buckthorn during late spring and in 
soybean during summer (Wang et al., 1962; Wöhrmann and Tomiuk, 1988; Ragsdale et 
al., 2004).   
The annual cycle of soybean aphids starts in the spring with hatching of 
overwintered eggs to nymphs on buckthorn and the nymphs grow to wingless female 
adults (Wang et al., 1962). The wingless adults reproduce parthenogenetically which 
grow to primarily wingless females. In the subsequent generation on buckthorn, they 
produce mostly winged adults which migrate to soybean as their secondary host during 
summer. Soybean aphids can recognize and are attracted to the odor of soybean plants 
(Wu et al., 2004). During summer they feed on soybeans, reproduce parthenogenetically 
and undergo about 15 overlapping generations being mostly wingless adults until 
soybean maturity (Wang et al., 1962; Ragsdale et al., 2004). Soybean aphid population 
may double in less than 2 days under suitable conditions (McCornack et al., 2004). It has 
been reported plasticity in the reproductive traits of soybean aphids which increase with 
each successive generation (Richardson et al., 2011). As aphid populations become 
dense on soybean, winged forms arise and migrate to find new host plants and spread 
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throughout the surrounding soybean production areas. Interestingly, all the aphids are 
females during spring and summer (Ragsdale et al., 2004; Hammond et al., 2009).   
Along with soybean maturity, decreasing temperature, and shorter day length in 
the fall, the aphids produce winged form of both male and female adults (Hodgson et 
al., 2005). The winged aphids migrate back to buckthorn, the females mate with the 
males, and deposit overwintering eggs near the buds (Hammond et al., 2009). 
Soybean aphid is a native pest of soybean in eastern Asia i.e. China, Japan, Korea, 
Indonesia, Malaysia, Philippines, Thailand, India and some other southeast Asian 
countries (Blackman and Eastop, 2000; Ragsdale et al., 2004; Venette and Ragsdale, 
2004). Available evidences also suggest the presence of soybean aphids in Russia and 
Kenya (Singh and Emden, 1979; CAB International, 2006).  
Soybean aphid is a new pest to the United States and Australia (Hartman et al., 
2001; Venette and Ragsdale, 2004) and probably the most injurious insect pest of 
soybean in northern regions of the United States (Catangui et al., 2009). In North 
America, it was first documented from Wisconsin in July 2000 (Alleman et al., 2002). 
Japan is suggested as the probable source of soybean aphids in North America (Venette 
and Ragsdale, 2004). It had spread to 80% of the United States soybean production area 
in 2002 and adapted to a large geographical area of the North Central United States 
(Venette and Ragsdale, 2004; McCornack et al., 2005). Soybean aphid was also detected 
in Michigan, Indiana, Illinois, Missouri, Iowa, Ohio, West Virginia, Kentucky and 
Minnesota States in 2000. Its distribution was expanded to Virginia, Pennsylvania, New 
York, North Dakota and South Dakota in 2001 and Nebraska, Kansas, Delaware, Georgia 
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and Mississippi in 2002 (Singh and Emden, 1979). By 2009, it has been detected as a 
pest in 30 states in the United States and 3 provinces (Quebec, Ontario, and Manitoba) 
in Canada (Ragsdale et al., 2011). 
Soybean aphid feeding, damage, and management 
Like other aphids, soybean aphid has piercing and sucking type of mouth parts 
(stylet) that are used to ingest plant sap (Snodgrass, 1935). Aphids feed passively by 
inserting their stylet in the sieve tubes of phloem taking advantage of a high pressure 
supply of food (Will and van Bel, 2006). Occasional feeding of aphids in xylem (active 
feeding) is also reported to dilute high concentrations of sugars and amino acids present 
in ingested phloem sap and replenish their water balance (Spiller et al., 1990). In 
addition, recent investigations suggested that aphids consume xylem sap not only to 
rehydrate from phloem feeding but also to osmoregulate their haemolymph (Pompon et 
al., 2010). 
Soybean aphids are capable of feeding on soybeans from very early stages of 
plant development (Liu et al., 2004). Both adults and nymphs of soybean aphids feed on 
leaves, stems and pods, but mostly found on undersides of leaves (Tilmon et al., 2011). 
Leaf side selection by aphids are mainly influenced by light and gravity, but other factors 
inherent to leaf surface may also affect aphids in leaf-side selection (Calabrese and 
Edwards, 1976). Within plant distribution of soybean aphid undergoes significant 
change over time, however, the average nodal position of its infestation remains within 
the top half of the plants (McCornack et al., 2008). At the seedling stage, aphids mainly 
accumulate on the top of plants and tender leaves, petioles and stems (Ragsdale et al., 
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2004; Wu et al., 2004). Soybean aphid feeding at this stage results in curling and 
stunting of leaves and young shoots, and also causes physiological delays and 
underdevelopment of root tissues (Wang et al., 1962). With the onset of reproductive 
stage, aphids remain and feed on leaves and stems in the middle part of the plants.  
However, after peak flowering stage, aphids again feed on upper leaves, petioles, stems, 
buds, flowers, and pods (Wu et al., 2004). Severity of soybean aphid is also affected by 
nitrogen and potassium concentration in phloem sap resulting in higher aphid densities 
with higher nitrogen and lower potassium availability (Walter and Difonzo, 2007). 
Soybean aphid causes direct damage to the crop by sucking sap from the plant 
tissues that results plant growth stunting and decreased rate of photosynthesis and 
transpiration (Wang et al., 1962; Ostlie, 2001; Macedo et al., 2003). Feeding injury 
negatively affects in biochemical pathways for restoring chlorophyll to a low energy, 
light-receptive stage (Macedo et al., 2003). There is evidence of reducing total nodule 
volume per plant by 34%, nodule leghemoglobin content by 31%, plant nitrogen fixation 
rate by 80%, and shoot ureide-N concentration by 20% in soybean aphid infested plants 
(Riedell et al., 2009). Up to 50% reduction in photosynthetic rate was observed on 
soybean aphid infested leaflets even in low aphid densities and without apparent 
symptoms of feeding injury (Macedo et al., 2003). Heavy infestation may produce 
symptoms of stunting of leaves, stems and plants, foliage distortion, premature 
defoliation, reduced branching, reduced number and size of pods, and reduced number 
and weight of seeds (Ragsdale et al., 2004; Wu et al., 2004). There was a linear decline in 
seed yield, yield components and seed oil concentration of soybean with the increase in 
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aphid density (Beckendorf et al., 2008). Soybean aphid also causes indirect damages by 
transmitting plant pathogenic viruses and facilitating sooty mold development (caused 
by fungal species Scorias spongiosa and few other fungi) by secretion of honeydew 
(Frank et al., 1997; Wu et al., 2004). Soybean mosaic virus, Alfalfa mosaic virus, Bean 
yellow mosaic virus, Cucumber mosaic virus, and Potato Y virus are the viral pathogens 
transmitted by soybean aphids (Hartman et al., 2001; Hill et al., 2001; Wu et al., 2004; 
Davis et al., 2005; Mensah et al., 2005; Gildow et al., 2008). Severe infestation of 
soybean aphids may cause over 50% of soybean yield loss (Ostlie, 2002). Annual value of 
yield loss caused by soybean aphids was estimated as $2.4 billion (Song et al., 2006).   
A short life cycle and extremely high reproductive rates make aphid 
management challenging (Dogimont et al., 2010). The soybean aphid population can 
double within 1.5 days under favorable conditions (McCornack et al., 2004). Therefore, 
rigorous scouting is necessary to determine whether population levels are at the 
treatment threshold and to make management decisions. The economic threshold is 
calculated as 250 aphids per plant throughout the soybean field (Ragsdale et al., 2007; 
Tilmon, 2007).   
Chemical control of soybean aphids by spraying available pyrethroid and 
organophosphate insecticides was the first option for soybean aphid management 
(Hodgson et al., 2012). However, chemical spray may increase environmental 
contamination, kill beneficial insects and trigger frequent pest outbreaks (Ohnesorg et 
al., 2009). Seed treatment is also an effective method of controlling soybean aphids in 
early stage (Ragsdale et al., 2011), but it cannot provide season long effectiveness 
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against the pest (Johnson et al., 2008). Biological control by both predators and 
parasitoids can also play a role in soybean aphid management (Ragsdale et al., 2011). 
However, soybean aphids can escape them due to low abundance of those natural 
enemies. Use of broad spectrum insecticide also has negative impact on natural 
enemies (Tilmon et al., 2011).  Therefore identification and use of host plant resistance 
in combination with cultural control can provide the eco-friendly and efficient 
management of soybean aphids. 
Host plant resistance and its presence in soybean 
Host plant resistance (HPR) is a heritable ability or trait of host plants to reduce 
the possibility of successful utilization by insects and pathogens for feeding, 
multiplication, and infestation (Harris and Frederiksen, 1984; Smith, 2005). HPR is an 
environmentally safe and essential component of integrated pest management 
approaches to promote the production of healthy and pesticide residue free products 
(Dogimont et al., 2010). 
Plants have evolved an enormous array of mechanical and biochemical defense 
mechanisms against pest attack. Plants exhibit three types of resistance against insects: 
antixenosis, antibiosis and tolerance (Smith, 2005). Antixenosis is the non-preference of 
insects to feed due to the morphological and/or chemical factors present in the host 
plants to make it unpalatable to the herbivores. In this case, insect feed more on the 
preferred genotypes than other available genotypes (Painter, 1951; Kogan and Ortman, 
1978). It is characterized by presence of feeding repellents (or the absence of feeding 
attractants) or physical traits in host plants making them undesirable feeding substrate 
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to the insects. Antibiosis is characterized by the production of defensive allelochemicals 
by the host plant to protect themselves from herbivores. The defensive chemicals have 
antibiotic effects which deter the survival and reproduction of insects, alter 
physiological metabolism, delay maturation, or induce various physical and behavioral 
abnormalities in herbivores (Smith, 2005). In contrast, tolerance is the ability of host 
plants to tolerate insect attack and not to suffer much injury even when exposed to the 
threshold level of pest populations.    
Antixenosis and antibiosis types of resistance can be identified by testing insect 
feeding, survival and fecundity in choice and non-choice situation (Kogan and Ortman, 
1978). The choice test cannot distinguish between antixenosis and antibiosis types of 
resistance. However, failure of survival and reproduction even in no-choice situation can 
distinguish antibiosis from antixenosis (Hill et al., 2004). Several soybean genotypes are 
also available having antixenosis resistance against soybean aphid which were not 
colonized in a choice situation but colonized in a no-choice situation (Mensah et al., 
2005; Diaz-Montano et al., 2006).   
After arrival of soybean aphid in 2000 in the United States, much effort has been 
dedicated in exploration of host plant resistance in various soybean genotypes. Several 
genotypes have been identified for soybean aphid resistance traits. Hill et al. (2004) 
discovered soybean aphid resistance and established the resistance mechanisms in 
three ancestors of North American genotypes i.e. Dowling and Jackson (antibiosis-type), 
and PI 71506 (antixenosis-type). This investigation also explored two ancestral lines 
Palmetto (548480) and CNS (PI 548445) of Dowling and Jackson as the probable donors 
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of soybean aphid resistance. Sugao Zarai (PI 200538), Sato (PI 548409), T260H (PI 
548237), and PI 230977 were the other genotypes resistant to soybean aphids. Li et al. 
(2004) reported antibiosis type of soybean aphid resistance in Dowling (PI 548663), 
Jackson (PI 548657) and Sato (PI 200538) which demonstrated an increased mortality 
and decreased fecundity and longevity of soybean aphid.  
Similarly, Mensah et al. (2005) reported four genotypes PI 567543C, PI 567597C, 
PI 567541B and PI 567598B resistant to soybean aphids from MG III. Soybean aphid 
resistance in PI 567543C and PI 567597C was governed by antixenosis while antibiosis 
was prevalent in PI 567541B and PI 567598B (Mensah et al., 2005).  Mian et al. (2008a) 
identified three genotypes PI 243540, PI 567301B and PI 567324 resistant and six 
genotypes PI 567318, PI 567321A, PI 567336A, PI 567304, PI 567352A and PI 567352B 
moderately resistant against soybean aphids. Out of three resistant genotypes PI 
243540 possessed strong antibiosis, and PI 567301B and PI 567324 displayed mainly 
antixenosis resistance (Mian et al., 2008a). Soybean aphid resistance was also identified 
in some early maturing genotypes PI 189860, PI 194627, PI 194645, PI 430491, PI 
548395, PI 548544, PI 602497 from MG 00 (Hesler and Dashiell, 2009). Several other 
soybean genotypes have also been identified as resistant genotypes against soybean 
aphids with different types and degrees of resistance (Hesler and Dashiell, 2007; Hesler 
et al., 2007; Hesler and Dashiell, 2008; Bhusal et al., 2013; Bhusal et al., 2014; Hanson et 
al., 2016). 
The defense response of Dowling effectively activated within 8 hours of arrival of 
soybean aphid since its feeding behavior differs clearly in resistant plants compared to 
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susceptible plants (Li et al., 2004; Diaz-Montano et al., 2007). The possible mechanism 
of soybean aphid resistance may be reduced feeding due to the ingestion of potentially 
toxic compounds available in resistant genotypes (Liu et al., 2004). Nutritional quality of 
phloem sap is also associated with the resistance mechanism of soybeans against 
soybean aphids. Soybean aphids need proper balance of different amino acids (e.g. 
asparagine, glutamine, glutamic acid, glycine and valine) to maintain their growth and 
development (Wille and Hartman, 2008). Severity of soybean aphid is affected by 
nitrogen and potassium concentration in the diet (phloem sap). Higher aphid densities 
are attributed to higher nitrogen and lower potassium availability (Walter and Difonzo, 
2007). Both constitutive and aphid-induced differences in the composition of free amino 
acids confer the differential responses of soybean genotypes against soybean aphid 
(Chiozza et al., 2010). Aphid induced reduction of those amino acids in plants also 
lowers the feeding and survival of soybean aphids (Wille and Hartman, 2008; Chiozza et 
al., 2010).  
An investigation identified one hundred and forty genes showing specific 
defense responses including genes related to cell wall, defense, DNA/RNA, secondary 
metabolism, signaling and other processes against soybean aphids in resistant plants 
and demonstrated rapid differential gene expression patterns in aphid-challenged 
resistant plants (Li et al., 2008). Li et al. (2008) suggested nucleotide-binding-site and 
leucine-rich repeat region (NBS-LRR) type of resistant gene in Dowling because Mi-1, Vat 
and several other resistance genes against aphids encode NBS-LRR proteins involved in 
specific recognition of aphids (Brotman et al., 2002; Klingler et al., 2005; Dogimont et al., 
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2010). It has been suggested that defense mechanism of soybean undergo partial 
activation of jasmonic acid, ethylene, and salicylic acid regulated signaling pathway to 
combat soybean aphids (Li et al., 2008). 
However, issues about durability of resistant genes have been raised with the 
identification of different soybean aphid biotypes colonizing resistant genes. A biotype is 
defined as a clone of a species which can survive, reproduce and/or cause injury to the 
plants resistant to its other clones (Smith, 2005). Three different soybean aphid biotypes 
(i.e. biotype 1, biotype 2, biotype 3, and biotype 4) have been identified in different 
regions (Kim et al., 2008; Hill et al., 2010; Alt and Ryan-Mahmutagic, 2013). Biotype 1 
cannot defeat genotypes carrying resistance genes.  Biotype 2 was reported in Ohio that 
can colonize Rag1 genotypes (Kim et al., 2008). Similarly, biotype 3 can readily colonize 
Rag2 genotypes (Hill et al., 2010) and biotype 4 can defeat both the Rag1 and Rag2 
genotypes (Alt and Ryan-Mahmutagic, 2013). Identification of different biotypes within 
this short period suggests genetic variation in soybean aphid population in North 
America and justifies the need of continued searching for soybean aphid resistance 
sources. 
Mapping of Soybean aphid resistance loci 
The genetic basis of soybean aphid resistance in several soybean genotypes has 
also been determined. The soybean aphid resistance in Dowling (PI 548663), Jackson (PI 
548657), PI 71506, PI 243540, PI 200538 and PI 567543C is governed by specific single 
genes expressed dominantly (Hill et al., 2006a, 2006b; Li et al., 2007; Kang et al., 2008; 
Hill et al., 2009; Van Nurden et al., 2010; Zhang et al., 2010; Xiao et al., 2013). 
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Recessively expressed genes are also identified for soybean aphid resistance in PI 
567541B and PI 567598B (Mensah et al., 2008; Zhang et al., 2009; Bales et al., 2013). 
The first ever identified soybean aphid resistance gene was mapped at 
chromosome 7 in Dowling and designated as Rag1 gene responsible for soybean aphid 
resistance (Hill et al., 2006a; Kim et al., 2010a). Soybean aphid resistance in Jackson was 
also mapped at chromosome 7 but its genetic relationship with Rag1 in Dowling is 
unknown (Hill et al., 2006b; Li et al., 2007). Lower levels of asparagine in soybean aphid 
resistant line containing Rag1 gene contributed to the antibiotic mechanism of 
resistance (Chiozza et al., 2010). Another single dominant gene responsible for soybean 
aphid resistance in PI 243540 (Sennari) was also mapped at chromosome 13 and named 
as Rag2 (Mian et al., 2008b). Rag2 gene was also mapped in PI 200538 as a soybean 
aphid resistance gene (Hill et al., 2009; Kim et al., 2010b). The gene of soybean aphid 
resistance in PI 567543C was mapped in chromosome 16 and named as Rag3 (Zhang et 
al., 2010). Rag3 had additive effect of alleles for soybean aphid resistance at this locus 
based on the resistance responses of heterozygous lines. Rag3b has also been reported 
at same location on chromosome 16 in PI 567537 (Zhang et al., 2013).  
Mensah et al. (2008) reported two recessive genes accountable for the soybean 
aphid resistance in PI 567541B and PI 567598B. Two recessive genes responsible for 
soybean aphid resistance in PI 567541B were mapped and determined as rag1c and 
rag4 at chromosome 7 and 13 (Zhang et al., 2009). Similarly, the two soybean aphid 
resistance genes in PI567598B were mapped in chromosome 7 and 16, and named as 
rag1b and rag3, respectively (Bales et al., 2013). A dominant gene Rag5 (proposed) is 
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also proposed in PI 567301B at chromosome 13 (Hill et al., 2012; Jun et al., 2012). 
Identification of new sources of resistance in different maturity groups may expand the 
genetic variability for resistance and may increase the probability of getting new genes 
against various biotypes. Genetic characterization of soybean aphid resistance in newer 
genetic sources helps in expanding genetic pool with higher genetic diversity to combat 
differential virulence of soybean aphid biotypes. 
Genome-wide association Study  
Genome-wide association study (GWAS) is a powerful tool to explore genetic 
architecture of traits which has achieved enormous success in human disease 
researches (Bush and Moore, 2012). Genotyping by sequencing or resequencing is 
becoming cheaper with the development of next-generation-sequencing that promotes 
wide application of GWAS for complex traits and facilitates identifying genes controlling 
the traits of interest. Using high-density markers, GWAS provides higher mapping 
resolution over conventional QTL mapping that enables better prediction of casual 
candidate genes of trait (Zhang et al., 2015b). Unlike Linkage mapping which detects 
genes/QTL segregating in a mating of specific parents with a limited recombination in 
the progeny using linkage analysis and genetic map, GWAS has ability to detect ranges 
of genes controlling the trait of interest with the increased resolution of historical 
recombination (Cardon and Bell, 2001; Hwang et al., 2014).  
GWAS has already been used to dissect various complex traits in maize (Poland 
et al., 2011; Tian et al., 2011; Li et al., 2013), rice (Huang et al., 2010; Zhao et al., 2011), 
and barley (Pasam et al., 2012; Visioni et al., 2013). Reports of GWAS have also been 
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published in soybean utilizing high-density single nucleotide polymorphisms (SNPs) for 
various traits (Hwang et al., 2014; Mamidi et al., 2014; Wen et al., 2014; Zhang et al., 
2015a; Zhang et al., 2015b; Zhang et al., 2016). However, GWAS of plant resistance to 
insects is limited and GWAS for soybean aphid resistance is not available. Therefore, this 
study will provide the better understanding of the genetic architecture of soybean aphid 
resistance. 
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CHAPTER II 
EVALUATION OF SOYBEAN APHID RESISTANCE IN SOYBEAN GERMPLASM ACCESSIONS 
OF MATURITY GROUP I 
ABSTRACT 
Soybean aphid (SA, Aphis glycines Matsumura) is a major pest of soybean 
[Glycine max (L.) Merr.] in North America, particularly  the northern United States. 
Identification of SA resistance in early maturing soybeans will facilitate development of 
aphid-resistant cultivars for this region. In this study, 330 soybean germplasm 
accessions from maturity group (MG) I, along with 11 resistant or susceptible checks, 
were evaluated against SA in greenhouse by caged (no-choice) and non-caged tests. 
Germplasm accessions that showed resistance in these tests were then tested in the 
field under natural infestations supplemented by artificial inoculation.  In the 
greenhouse tests, accessions PI 189946, PI 153214, and PI 437075 exhibited low SA 
levels (< 50 aphids per plant in caged test and SA score of 1.3 or less in non-caged test) 
similar to those on resistant checks. Six accessions (PI 378663, PI 603587A, PI 567250A, 
PI 603326, PI 603339A, and PI 603546A) showed moderate aphid resistance with less 
than 135 aphids per plant in caged and SA score of 2.3 or less in non-caged test. In the 
field, PI 567250A and PI 603339A performed similar to resistant checks, and PI 153214 
and PI 437075 showed moderate aphid resistance. Across all three tests, PI 567250A 
and PI 603339A exhibited consistently low levels of aphid infestation and thus may be 
useful in soybean breeding as newly identified sources of SA resistance.  
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INTRODUCTION 
Soybean aphid (SA, Aphis glycines Matsumura) is a major pest of soybean 
[Glycine max (L.) Merr.] in North America, particularly the northern United States. Since 
its incidence was first reported in the United States in 2000, SA had spread to 80% of the 
soybean production area in the United States by 2002, and had become established in 
30 states of the United States and three Canadian provinces by 2009 (Hartman et al., 
2001; Venette and Ragsdale, 2004; Ragsdale et al., 2011). SA damages the crop by 
sucking plant sap that results in stunted plant growth and reduced seed yield and 
quality, transmitting viral pathogens, and facilitating sooty mold development. Severe 
SA infestations may cause over 50% yield loss (Ostlie, 2002), and may reduce the annual 
value of U.S. soybean production by as much as $2.4 billion (Song et al., 2006).  
SA alternates seasonally between soybean, its summer host plant, and 
buckthorn (Rhamnus spp.), its egg-overwintering host plant (Blackman and Eastop, 
2000). On soybean, SA has parthenogenetic reproduction and a short life cycle which 
favors fast multiplication and may lead to more than 15 overlapping generations in a 
summer. It produces both winged and wingless forms of adults, and the winged aphids 
can spread throughout soybean growing areas (Hartman et al., 2001; Hill et al., 2004; 
McCornack et al., 2004; Ragsdale et al., 2004). 
When SA infestations reach an economic threshold (250 aphids per plant), most 
soybean growers apply foliar insecticides as a management strategy in North America 
(Ragsdale et al., 2007; Hesler et al., 2013). However, insecticides may contaminate the 
environment, kill beneficial insects, and lead to frequent secondary pest outbreaks 
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(Ohnesorg et al., 2009). SA control by seed treatment is effective in the early season 
(Ragsdale et al., 2011) but does not last season-long (Johnson et al., 2008). Biological 
control of soybean aphids by predators or parasitoids may also be limited due to low 
abundance of these natural enemies (Tilmon et al., 2011). Therefore, use of host-plant 
resistance in combination with cultural management (e.g., early planting to escape 
aphids, growing cover crops or living mulches to increase predators and parasitoids) can 
provide an eco-friendly and efficient control of soybean aphids (Hill et al., 2012; Hesler 
et al., 2013). 
Host-plant resistance against North American SA populations in soybean was 
first reported in 2004 (Hill et al., 2004), and several genes for resistance have also been 
determined in some resistant genotypes (Hill et al., 2012; Hesler et al., 2013). The 
resistance genes Rag1, Rag2, Rag3, rag4 and rag1c, rag1b, and rag3b were identified in 
Dowling, PI 243540, PI 567543C, PI 567541B, PI 567598B, and PI 567543B respectively 
(Hill et al., 2006; Jun et al., 2012; Mensah et al., 2008; Mian et al., 2008b; Zhang et al., 
2010). However, only a limited number of early maturing genotypes have been 
identified as possessing SA resistance (Hesler and Dashiell, 2009; Bhusal et al., 2013). 
With the general objective of exploring SA resistance sources in early maturing soybean 
genotypes, this study was specifically designed  to evaluate soybean germplasm 
accessions from maturity group (MG) I. Identification of new sources of resistance in 
different maturity groups may expand the genetic variability for resistance and may 
increase the probability of getting new genes against various biotypes. 
 
34 
 
MATERIALS AND METHODS 
To identify new sources of SA resistance in early maturing soybean genotypes, 
330 germplasm accessions (i.e. plant introductions, PIs) in MG I, obtained from the 
National Soybean Research Center, Urbana, IL, were evaluated along with eight resistant 
and three susceptible checks. SA resistance was evaluated at South Dakota State 
University (SDSU), Brookings, SD in 2013. All PIs and 11 checks (341 germplasm 
accessions in total) were first evaluated in the greenhouse by non-caged and caged (no-
choice) tests. Then a subset of 24 germplasm accessions based on the results of 
greenhouse tests, and eight resistant and two susceptible checks were evaluated again 
in the field under natural SA infestations supplemented by artificial inoculation. The 
evaluation procedure was similar to that previously described by Bhusal et al. (2013). 
Resistant checks included PI 548663 (Rag1), PI 243540 (Rag2), PI 567543C (Rag3), PI 
567541B (rag4 and rag1c), PI 567598B (rag3 and rag1b), PI 71506, PI 567597C, and PI 
603712 (Hill et al., 2004, 2006; Mensah et al., 2005; Mian et al., 2008b; Hesler and 
Dashiell, 2009; Zhang et al., 2009, 2010; Van Nurden et al., 2010; Jun et al., 2012; Bhusal 
et al., 2013). Aphid-resistance gene(s) in the latter three PIs has not been determined. PI 
291312, PI 532438, and PI 597386 were used as susceptible checks (Bhusal et al., 2013). 
Greenhouse Screening 
Aphid culture 
A SA colony, acquired from the Soybean Entomology Laboratory, SDSU Plant 
Science Department, was used as the source of inoculum and reared on PI 597386 in the 
greenhouse. The colony was developed from several SA collected in a soybean field near 
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Brookings, SD during summer 2012 (personal communication, Tiana Shuster, SDSU) 
which was not characterized for SA biotype. The rearing conditions were maintained at 
a temperature from 22o C to 27o C, relative humidity of 70%, and 16-hr light period per 
day with supplemental light provided by high intensity filament lamps (430W). 
Caged test 
Germplasm accessions were evaluated by a caged (no-choice) test in a thrice-
replicated randomized complete block design (RCBD) in the greenhouse during January 
to April 2013. The three replications were performed separately at different periods by 
planting sequential replications at an interval of 2-3 weeks due to limited greenhouse 
space. In addition, germplasm accessions in each replication were randomly placed into 
three groups and planted on three successive days so that one person could complete 
inoculation or aphid-counting in one day and thereby avoid person-to-person error.  All 
resistant and susceptible checks were included in each group within a replication. 
For each replication five seeds per accession were planted in a small plastic pot 
(10 × 10 cm top and 10 cm deep) and three seedlings were maintained after thinning. 
Each seedling was inoculated with three adult or near adult soybean aphids at 
unifoliolate leaf stage (VC) (McWilliams et al., 1999). The pots, each with three 
inoculated seedlings for one genotype, were covered with a clear plastic cup cage that 
had aphid-proof screen windows on top and two opposite sides. Pots were bottom-
irrigated by adding water to holding trays. The number of SA on each plant was counted 
two weeks after inoculation. Average number of SA per plant was calculated for each 
pot and used for statistical analysis. 
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Non-caged test 
Germplasm accessions were also evaluated by a non-caged test in greenhouse 
during May to July 2013. The experimental design, planting and inoculation methods 
were the same as used for the caged-test, except no caging, which allowed aphids to 
move freely among plants. To allow easy movement of aphids from plant to plant, small 
pots (10 × 10 cm top and 10 cm deep) were used and placed closely so that the leaves 
(unifoliolate and trifoliolate) of nearby plants could overlap each other. In this test, the 
infestation of SA per plant was scored by using a 1-to-5 scale, where 1 = ≤25 aphids, 2 = 
26 – 100 aphids, 3 = 101 – 200 aphids, 4 = 201 – 500 aphids, and 5 = >500 aphids per 
plant (Bhusal et al., 2013) (Appendix I). 
Field Screening 
Based on the results of the greenhouse tests, 24 germplasm accessions (18 with 
<100 aphids per plant in the caged test and six showing low SA levels at preliminary 
observation in the non-caged test) were selected. In early June 2013, the selected PIs, 
along with eight resistant and two susceptible checks, were planted in single-row plots 
with three replications in a RCBD on the SDSU Research Farm at Brookings, SD. The plot 
rows, planted each with 10 seeds per entry, were 0.6 m long and 0.6 m row-spacing. At 
V2 – V3 stage, artificial inoculation was performed to supplement the natural SA 
infestation by placing a SA-infested 0.3-m soybean stem or branch along the rows at the 
middle of each plot. The SA infestation was monitored regularly on susceptible checks 
and border plants. When individual susceptible plants had more than 250 aphids, SA per 
plant were counted on the first five plants of each plot. The SA counting was performed 
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twice to observe the changes in aphid infestation at different stages. The first counting 
was done four weeks after inoculation, or stages R2 to R4. SA were counted again on 
the same plants six weeks after inoculation, at which time most of the plants had 
reached the R4 to R6 stage and peak infestation of SA occurred.  Since the number of 
aphids consistently increased on all plants from the first to second counting, only 
second-counting data are presented in this paper.  
Data analysis 
Analysis of variance (ANOVA) was performed separately for individual tests, on 
the basis of pot means (greenhouse tests) or plot means (field test). PROC GLM and 
PROC GLIMMIX (SAS Institute, 2011) were used to analyze SA counts and scores, 
respectively. SA counts were square-root-transformed before analysis, and back-
transformed means are presented in the results. For convenience, the levels of SA 
resistance in germplasm accessions were categorized as resistant (R), moderately 
resistant (MR), and susceptible (S) (Table 2.1) by comparing with standard resistant and 
susceptible checks (Bhusal et al., 2013). 
RESULTS 
SA-infestation ratings differed significantly (P <0.0001) among germplasm 
accessions both in greenhouse and field experiments (Tables 2.1 and 2.2). Of 330 MGI 
germplasm accessions tested, eight, three, and two germplasm accessions were 
resistant against SA in the greenhouse caged, greenhouse non-caged, and field tests, 
respectively; and six, 14, and two were moderately resistant. A complete data set is 
available in Appendix II.  
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Greenhouse caged (no-choice) test 
In the no-choice test in the greenhouse, PI 189946, PI 153214, PI 378663, PI 
437075, PI 567250A, PI 603546A, PI 603339A, and PI 603587A (the SA counts ranging 
from 12.7 to 84.5 per plant, Table 2.2) were similar in SA infestation levels  (P >0.05) to 
all resistant checks, except PI 243540 (Rag2), which was similar to susceptible checks. PI 
184046, PI 361099, PI 248407, PI 361104, PI 248410, and PI 603326 exhibited moderate 
resistance with the number of SA per plant ranging from 89.6 to 134.3, similar to the 
resistant check PI 71506  (P >0.05).  
Greenhouse non-caged test 
SA infestation levels differed among germplasm accessions, with scores ranging 
from 1.0 to 5.0. PI 153214, PI 189946, and PI 437075 had average scores of 1.0, 1.3, and 
1.3 (Table 2.2), respectively, similar to most of the resistant checks and lower than most 
test accessions. Fourteen accessions had moderate levels (scores 2.0-2.7) of SA 
infestation (Table 2.2).  
Field Test 
Of the 24 germplasm accessions selected from greenhouse tests, only two 
accessions, PI 567250A (64.4 SA per plant) and PI 603339A (109.4 SA per plant), showed 
resistance similar (P >0.05) to the resistant checks, except PI 243540 (Rag2), which 
performed similar to susceptible checks (Table 2.2). PI 153214 (196.0 SA per plant) and 
PI 437075 (250.6 SA per plant) were similar to only one resistant check, PI 71506, 
exhibiting moderate levels of SA resistance. 
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DISCUSSION 
This study identified two resistant and two moderately resistant soybean 
germplasm accessions of MG I against SA.  Unlike crowded aphid-colonies on 
susceptible plants, fewer aphids were observed on resistant plants and the aphids were 
mainly small nymphs and sparsely distributed. It indicates that the resistance might be 
due to antibiosis, which deters growth and maturation of insects or alters their 
metabolism (Smith, 2005). Li et al. (2004) also reported high mortality and limited 
maturation of SA on resistant plants. Whalen and Harmon (2012) inoculated SA onto a 
single soybean leaf per plant and tracked their distribution over time. They observed 
only about half of originally inoculated aphids on the leaf after 24 hours and <30% after 
a week. At the end, they found widely distributed aphids on resistant plants and on 
susceptible plants aphids predominantly congregated on or around the originally 
inoculated leaves.  
We noted that overall SA infestation was higher in the non-caged test than caged 
test in greenhouse. This might be due to the differences in environmental conditions 
between the tests conducted in different seasons in the greenhouse. The caged test in 
greenhouse was conducted during winter and early spring in which there was less 
sunlight available in the greenhouse due to the prevalence of cloudy and snowy days 
(particularly the accumulated snow covering on the greenhouse) throughout the winter. 
The non-caged test was performed during late spring and early summer when there was 
plenty of sunlight in the greenhouse. Therefore, the seasonal differences in 
environmental conditions and their influence on aphid growth and reproduction should 
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be taken into account, even though the experiments were conducted in greenhouse 
equipped with adequate supplemental lights and optimum temperature. 
Four accessions, PI 567250A, PI 603339A, PI 153214, and PI 437075, were 
resistant or moderately resistant in all three experiments in the greenhouse and field. 
Among them, PI 567250A and PI 603339A provided stronger resistance than the other 
two in the field. Both these accessions were resistant in greenhouse caged test and field 
test but were moderately resistant in non-caged test in greenhouse, which was 
equivalent to less than 100 aphids per plant. In the field test, PI 567250A was similar to 
all resistant checks, while PI 603339A was similar to resistant checks other than PI 
567598B, PI 567597C, and PI 603712. PI 153214 and PI 437075 were resistant in both 
caged and non-caged tests in greenhouse, with less than 50 SA per plant. However, they 
were moderately resistant in the field test. Six accessions, PI 189946, PI 378663, PI 
603587A, PI 603326, PI 603546A, and PI 184046, were resistant or moderately resistant 
in both of greenhouse tests, but they were not resistant in the field. Among them, PI 
189946 performed very well in the caged test, even better than most of the resistant 
checks, but it was readily infested by SA in the field. These results indicate that SA in the 
field had greater virulence than the colony used in the greenhouse, suggesting different 
biotypes might have been involved. Relatively speaking, PI 567250A and PI 603339A 
were more resistant to field populations of SA than other accessions newly identified in 
the greenhouse tests.  Thus, PI 567250A and PI 603339A may be the most useful 
accessions in breeding for SA resistance in the Midwest. 
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There were seven other accessions that were moderately resistant only in the 
non-caged greenhouse test. As SA could move among accessions in this test, the 
response of these seven accessions may indicate that they have some level of 
antixenosis (non-preference resistance). A previous study indicated that some soybean 
lines were colonized by SA in caged but not in non-caged tests due to antixenosis (Diaz-
Montano et al., 2006). Interestingly, PI 361099, PI 248410, PI 248407, and PI 361104 
were less infested and exhibited a moderately resistant reaction in the caged test, but 
they had slightly higher infestation in the non-caged test (Table 2.2). However, the 
numbers of SA equivalent to their scores on these accessions were not much higher 
than those in the caged test. The slight differences in number of SA between non-caged 
and caged tests might be due to different experimental times and conditions as 
discussed above. The different conditions may have also influenced the soybean plants 
causing them to be more or less attractive to the aphids. 
Most of the resistant checks exhibited resistance against SA in all greenhouse 
and field tests. However, PI 243540, the source of SA resistance gene Rag2, exhibited 
resistance only in the non-caged greenhouse test. This result contrasted with the report 
by Mian et al. (2008a). Previous studies indicated that SA biotype 3 and biotype 4 were 
virulent to Rag2 both in caged and non-caged tests, while biotype 1 and biotype 2 were 
avirulent to Rag2 (Kim et al., 2008; Hill et al., 2010; Alt and Ryan-Mahmutagic, 2013). 
Therefore, susceptibility of PI 243540 (Rag2) in greenhouse caged test as well as field 
test (natural conditions) indicates that SA found in Brookings, SD during 2012 and 2013 
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were mostly analogous to biotype 3 (Hill et al., 2010), although biotype 2 and biotype 3 
were predominant in this region during 2011 (Bhusal et al., 2013). 
Similarly, PI 603712 was resistant in the greenhouse caged test and field test but 
was moderately resistant in the greenhouse non-caged test with a SA score of 2.3 (Table 
2.2). SA resistance in PI 603712 was more consistent in similar greenhouse tests in 2011 
(Bhusal et al., 2013) than this study, which may be due to different SA colonies used 
(Hesler et al., 2007). The 2011 SA colony was developed by collecting aphids from the 
soybean field near Brookings, SD during summer 2009, whereas the colony used in this 
study was developed by collecting aphids during summer 2012 near Brookings, SD. We 
would assume that the proportions of various biotypes in SA populations in the field 
varied between years and thus may have affected the composition of SA colonies 
between studies. Moreover, differential infestation of SA on resistant checks PI 548663 
(Rag1) and PI 243540 (Rag2) between the 2011 and 2013 studies further indicates that 
the SA colonies used might differ in biotype composition. The various PIs newly 
identified as SA resistant in this study need to be tested against the spectrum of SA 
biotypes in future studies to determine their potential utility for managing SA with host-
plant resistance. 
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Table 2.1. Number of tested germplasm accessions of maturity group I soybeans (checks 
in parenthesis) classified in different categories of soybean aphid resistance, 
and categorization criteria based on number of aphids per plant (greenhouse 
caged and field test) or aphid score (greenhouse non-caged test). 
Category† Greenhouse tests Field test‡ 
 Caged‡ Non-caged § 
R 8 (7),  
<85 aphids plant-1 
3 (6),  
score 1.0-1.9 
2 (6),  
<110 aphids plant-1 
MR 6 (0),  
85-135 aphids plant-1 
14 (2), 
score 2.0-2.9 
2 (1),  
110-275 aphids plant-1 
S 316 (4), 
>135 aphids plant-1 
313 (3), 
score 3.0 
20 (3), 
>275 aphids plant-1 
† R, resistant; MR, moderately resistant; S, susceptible. 
‡ In greenhouse caged and field tests, R is reaction similar to resistant checks (P > 0.05); 
MR is reaction similar to at least one of the resistant checks (P > 0.05) and different 
from susceptible checks (P<0.05); and S is reaction different from resistant checks (P < 
0.05). 
§ 1-to-5 scale: 1 = 25 aphids, 2 = 26 – 100 aphids, 3 = 101 – 200 aphids, 4 = 201 – 500 
aphids, and 5 = >500 aphids per plant (Bhusal et al., 2013). 
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Table 2.2. Means of soybean aphid counts per plant and infestation scores of selected 
soybean germplasm accessions tested in greenhouse and field experiments. 
Germplasm 
accessions 
Greenhouse Field test 
(count) † 
Remarks‡ 
Caged test (count) † Non-caged test (score) † 
PI 548663 61.0 cd 1.0 a 86.2 a-c Rag1 
PI 243540 310.2 lm 1.3 ab 472.9 i-l Rag2 
PI 567543C 41.7 a-d 1.0 a 76.3 a-c Rag3 
PI 567541B 57.0 cd 1.3 ab 44.0 ab rag4 and rag1c 
PI 567598B 47.3 cd 1.3 ab 30.0 a rag1b 
PI 71506 73.2 d 2.3 a-d 139.2 c-e Res. Ck. 
PI 567597C 40.3 a-d 1.7 a-c 33.1 a Res. Ck. 
PI 603712 42.3 a-d 2.3 a-d 25.9 a Res. Ck. 
PI 532438 318.3 lm 4.3 cd 615.3 l Sus. Ck. 
PI 291312 197.8 i-k 4.0 b-d -- Sus. Ck. 
PI 597386 343.4 m 4.7 d 522.6 j-l Sus. Ck. 
PI 153214 14.0 ab 1.0 a 196.0 d-f MG I 
PI 189946 12.7 a 1.3 ab 329.1 f-i MG I 
PI 437075 45.2 b-d 1.3 ab 250.6 e-g MG I 
PI 086416 166.5 g-j 2.0 a-d 325.2 f-i MG I 
PI 417525 168.5 h-j 2.0 a-d 348.1 g-j MG I 
PI 378663 27.6 a-c 2.0 a-d 350.1 g-j MG I 
PI 603587A 84.5 de 2.0 a-d 358.4 g-k MG I 
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PI 567250A 62.4 cd 2.3 a-d 64.4 a-c MG I 
PI 603326 134.3 e-i 2.3 a-d 304.0 f-h MG I 
PI 603339A 75.4 de 2.3 a-d 109.4 b-d MG I 
PI 603546A 74.0 de 2.3 a-d 353.5 g-k MG I 
PI 153316 160.8 f-j 2.7 a-d 465.3 h-l MG I 
PI 538388 164.4 g-j 2.7 a-d 326.5 f-i MG I 
PI 507373 185.3 ij 2.7 a-d 399.0 g-k MG I 
PI 417519B 234.1 j-l 2.7 a-d 472.2 h-l MG I 
PI 370059 396.2 k-m 2.7 a-d -- MG I 
PI 184046 89.6 e 2.7 a-d 365.7 g-k MG I 
PI 361099 93.7 ef 3.3 a-d 496.9 i-l MG I 
PI 248410 110.5 e-h 3.3 a-d 506.3 j-l MG I 
PI 248407 97.4 e-h 3.3 a-d 530.9 l MG I 
PI 361104 110.1 e-g 3.3 a-d 620.9 kl MG I 
PI 437086 175.2 h-j 3.7 a-d 363.9 g-k MG I 
PI 417296 154.6 f-j 3.7 a-d 416.1 h-k MG I 
PI 153244 151.8 f-j 4.0 b-d 417.7 h-k MG I 
PI 603704A 155.7 f-j 4.0 b-d 513.2 j-l MG I 
† Means with a same letter within a column were not significantly different at P = 0.05 
by LSD. 
‡ Rag1, Rag2, Rag3, rag4, rag1b and rag1c are aphid resistance genes; MG = maturity 
group. 
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CHAPTER III 
GENOME-WIDE DETECTION OF GENETIC LOCI ASSOCIATED WITH RESISTANCE TO 
SOYBEAN APHID IN SOYBEAN GERMPLASM PI 603712 
ABSTRACT 
Soybean aphid (Aphis glycines Matsumura) has become one of the major pests 
of soybean in North America since 2000. At least four biotypes of soybean aphid have 
been confirmed in the United States. Genetic characterization of new sources of 
soybean aphid resistance will facilitate to expand the gene pool of soybean aphid 
resistance and thus will help to develop soybean aphid resistant cultivars. To 
characterize the genetic basis of soybean aphid resistance in PI 603712, a newly 
identified resistant gemplasm line, 142 F2 plants derived from the cross ‘Roberts’ x PI 
603712 and their parents were evaluated for soybean aphid resistance in the 
greenhouse, and were genotyped with BARCSoySNP6K Illumina Infinium II BeadChip. A 
genome-wide molecular linkage map was constructed with 1495 polymorphic SNP 
markers. QTL analysis revealed that PI 603712 possessed two major loci of soybean 
aphid resistance, which were located on chromosome 7 and 16, respectively. The locus 
on chromosome 7 was dominantly expressed and positioned about one Mega-base-pair 
(Mb) far from the previously identified resistance locus Rag1. The locus on chromosome 
16 was partially dominant and positioned near the previously identified locus Rag3 of 
resistance. Interestingly, two minor loci for susceptibility were also detected on 
chromosomes 13 and 17 in PI 603712. Multiple interval mapping showed no significant 
QTL by QTL interaction. However, two-way ANOVA indicated that a significant 
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interaction (p<0.05) existed between the locus associated with resistance on 
chromosome 7 and the locus associated with susceptibility on chromosome 13. In 
developing soybean aphid resistant cultivars through marker-assisted selection, an 
appropriate combination of resistance loci should be selected when PI 603712 is used as 
a donor parent of resistance. 
INTRODUCTION 
Soybean aphid (Aphis glycines Matsumura), a native pest of soybean in Asia, was 
first reported in the United States in 2000 (Hartman et al., 2001) and rapidly became 
one of the major pests of soybean in the northern United States and southeastern 
Canada (Venette and Ragsdale, 2004; Ragsdale et al., 2011). Soybean aphids suck the 
plant sap, resulting in stunted plant growth and reduced seed yield and quality by 
reducing pod and seed set (Beckendorf et al., 2008), and seed oil content (Riedell and 
Catangui, 2006; Beckendorf et al., 2008). Excessive secretions of honeydew by soybean 
aphids facilitate sooty mold development and thereby reduce photosynthetic efficiency 
(Macedo et al., 2003). Soybean aphids also cause indirect crop damages by transmitting 
various plant pathogenic viruses such as Soybean mosaic virus, Alfalfa mosaic virus, 
Bean yellow mosaic virus, Cucumber mosaic virus, and potato mosaic virus (Hill et al., 
2001; Davis et al., 2005; Gildow et al., 2008). Soybean aphids can potentially double 
their population within 1.5 days under favorable conditions (McCornack et al., 2004). 
Faster rate of multiplication due to parthenogenetic reproduction and short life cycle of 
soybean aphid in soybean during summer leads to over 15 overlapping generations in a 
summer (Ragsdale et al., 2004; Wu et al., 2004). Both winged and wingless forms of 
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adults help in stationery feeding at one location as well as spreading throughout the 
soybean field, making soybean plant at high risk of invasion. Thus, the soybean aphids 
can potentially reduce a loss of as much as 75% of yield in the case of severe 
infestations (Ostlie, 2002; Catangui et al., 2009) and as much as US$ 2.4 billion of annual 
value of US soybean production (Song et al., 2006). 
Insecticides are the most used control methods against soybean aphid (Tilmon et 
al., 2011). However, the insecticides may have side effects, such as environmental 
contamination and death of beneficial insects leading to secondary pest outbreaks 
(Ohnesorg et al., 2009). Lower abundance of natural enemies of aphid in this newer area 
of soybean aphid invasion limited the application of biological control (Tilmon et al., 
2011). Therefore, integration of host-plant resistance in soybean aphid management 
strategy may provide efficient and effective control against soybean aphid (Hill et al., 
2012; Hesler et al., 2013).  
After the first report of invasion of soybean aphid in North America, several 
research laboratories dedicated to find out host-plant resistance in several soybean 
cultivars, breeding lines, and germplasm accessions. A number of resistant cultivars, 
breeding lines or germplasm accessions are already identified by different research 
groups (Hill et al., 2004; Mensah et al., 2005; Diaz-Montano et al., 2006; Hesler and 
Dashiell, 2007; Hesler et al., 2007; Hesler and Dashiell, 2008; Mian et al., 2008a; Bhusal 
et al., 2013; Bhusal et al., 2014). Several major (dominant or recessive) genes against 
soybean aphid have also been determined in some of the resistant genotypes. Rag1 in 
Plant Introduction (PI) 548663 (Dowling) (Hill et al., 2006; Li et al., 2007), Rag2 in PI 
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243540 (Sennari) (Mian et al., 2008b) and PI 200538 (Sugao Zarai) (Hill et al., 2009; Kim 
et al., 2010b), Rag3 in PI 567543C (Zhang et al., 2010), Rag5 (proposed) in PI 567301B 
(Jun et al., 2012), and Rag6 in P203 (from China) (Xiao et al., 2013) were identified as 
dominant genes of resistance against soybean aphid. Similarly, the recessive resistance 
genes against soybean aphid have also been characterized in soybean accessions, such 
as rag4 and rag1c in PI 567541B (Zhang et al., 2009), and rag3 and rag1b in PI 567598B 
(Bales et al., 2013).  
Soybean cultivars integrated with a single resistance gene are available now (Jun 
et al., 2012), and development of cultivars with stacked with more than one gene is 
underway in various soybean breeding programs. To date, most of the resistance genes 
are characterized in mid-to-late maturing soybeans. In early maturing soybeans, 
however, fewer genotypes possessing soybean aphid resistance have been reported 
(Hesler and Dashiell, 2009; Bhusal et al., 2013; Bhusal et al., 2014) and their genetic 
characterization is very limited as well. PI 567537 from MG II is probably the earliest 
maturing soybean germplasm which was genetically characterized for soybean aphid 
resistance and its resistance gene was designated as Rag3b (Zhang et al., 2013). At the 
same time, different soybean aphid biotypes have also been identified. In the United 
States, four biotypes of soybean aphid have been reported up to now (Kim et al., 2008; 
Hill et al., 2010; Alt and Ryan-Mahmutagic, 2013). Since soybean aphid overwinters in 
buckthorn and sharing the same winter habitat with other aphids, intraspecific and 
interspecific hybridization probably occurs and thus may lead to development of new 
biotypes.   
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Genetic characterization of soybean aphid resistance in early maturing soybeans 
not only provides resistance genes availability in adapted genotypes in the region but 
also helps in expanding genetic pool with higher genetic diversity to combat differential 
virulence of soybean aphid biotypes. In our investigations, it was discovered that PI 
603712, a soybean germplasm accession from MG 0, exhibited higher resistance against 
heavy infestations of soybean aphids in South Dakota field trials (Bhusal et al., 2013). 
Therefore, this study aims to genetically characterize the soybean aphid resistance in PI 
603712 and identify the associated molecular markers to be used in soybean breeding 
programs for resistance to soybean aphids. 
MATERIALS AND METHODS 
Mapping population and Soybean aphid resistance evaluation 
Soybean aphid resistant germplasm accession PI 603712 (Bhusal et al., 2013) was 
crossed with susceptible cultivar ‘Roberts’ (SD03-2154) (Jiang et al., 2014). F1 seeds from 
the cross were planted in greenhouse in 2011-12 winter to get F2 seeds to be used as 
mapping population. The F2 plants and both parents were evaluated against soybean 
aphid in the greenhouse during May – June, 2013.  
In total, 142 F2 plants, along with resistant and susceptible parents, were planted 
in round-top black plastic pots of 15 cm diameter (top) and 15 cm depth (Nursery 
Supplies Inc.) inside the custom-made big insect rearing tent. The greenhouse 
environment was set at 22 to 270C temperature, 70% relative humidity, and 16-hr light 
period per day with supplemental light provided using high-intensity-filament lamps 
(430W). Each F2 plants were inoculated at unifoliate leaf (VC) stage (McWilliams et al., 
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1999) with five adult or near adult soybean aphids. The soybean aphids were reared 
separately in susceptible genotype PI 597386. The soybean aphid colony was developed 
by collecting several soybean aphids in a soybean field near Brookings, SD during 
summer 2012 (Tiana Shuster, personal communication, 2013). The pots were placed in 
trays and underwent bottom irrigation to avoid interference of irrigating water on 
soybean aphid infestations. The total numbers of soybean aphids developed in each 
plant of the F2 population and parents were counted after two weeks of inoculation. 
Since the soybean aphid count data were skewed, the original data were transformed by 
log10 and the transformed data were used for further statistical and genetic analysis. 
After ANOVA, a back transformation of the means was performed to present the results. 
Genotyping and linkage construction  
For each F2-plant and parents, DNA was extracted from a young trifoliate leaf at 
R1 stage using a modified CTAB procedure of DNA extraction (Gawel and Jarret, 1991). 
The genotyping was done at Soybean Genomics and Improvement Lab, Beltsville 
Agricultural Research Center – West, USDA-ARS, Beltsville, MD with the BARCSoySNP6K 
Illumina Infinium II BeadChip containing 5,403 SNPs (P. Cregan, manuscript in 
preparation, 2015), following the Infinium® HD Assay Ultra Protocol (Illumina, Inc. San 
Diego, CA). The Infinium II assay protocol includes the procedures to make, incubate and 
fragment amplified DNA, prepare the bead assay, hybridize samples to the bead array, 
extend and stain samples, and image the bead assay. The SNP alleles were called using 
the GenomeStudio Genotyping Module v1.8.4 (Illumina, Inc. San Diego, CA).  
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Of the 5,403 SNP loci, the loci that did not produce useful data as well as the loci 
monomorphic between two parents, scaffolds, and ambiguous between first and second 
version (Wm82.a1.v1 and Wm82.a2.v1) of soybean genome assembly were removed. 
Linkage map was constructed by using the mapping software JoinMap 4.0 (Van Ooijen, 
2006). Markers having significant chi-square value different from the goodness of fit 
ratio of 1:2:1 were also excluded. Highly duplicated nature of soybean genome may 
cause contiguous genomic region and identical loci on different chromosomes 
(Shoemaker et al., 1996; Mudge et al., 2005). Therefore, SNP markers of each 
chromosome were analyzed independently for the ease of analysis and to avoid 
ambiguity of possible similarity of marker loci on different chromosomes. The markers 
having similarity of loci within chromosomes were also excluded from the linkage 
analysis. Finally, the markers were grouped into the chromosomes based on a 
recombination frequency of 0.250 and a genetic linkage map was constructed with 1495 
markers (27.7% of the total 5,403 SNPs) by regression mapping with Kosambi map 
function (Table 3.2). 
QTL mapping and Statistical analysis 
QTL analysis of soybean aphid resistance was conducted in WinQTLCart 2.5 
(Wang et al., 2012) by composite interval mapping (CIM) with a precision selection of 
walking speed of 0.5 cM. Genetic background was controlled by selecting five cofactor 
markers via forward-backward regression method with a window size of 10 cM. 
Threshold LOD (logarithm of the odds) score of 4.3 was determined by 1000 
permutations at a significance level p=0.05. Single marker analysis (SMA) and interval 
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mapping (IM) was also used to check the consistency of the detected QTL. Multiple 
interval mapping (MIM) was also performed to analyze QTL by QTL interaction.  The 
significance of all markers associated with the QTL was also analyzed individually by 
one-way ANOVA and interaction of the nearest marker loci of the QTL were analyzed by 
two-way ANOVA using PROC GLM procedure in SAS 9.3 (SAS-Institute, 2011).  
RESULTS 
Phenotypes 
PI 603712 (resistant parent of the cross) was significantly less infested 
(p<0.0001) by soybean aphid than ‘Roberts’ (susceptible parent) in the greenhouse 
(Table 3.1). Soybean aphid infestation ranged from 46 – 885 per plant in F2 population 
of the cross between PI 603712 and ‘Roberts’. The frequency distribution of F2-plants 
for soybean aphid counts was skewed towards resistance to soybean aphid and 
exhibited a transgressive segregation in both directions (Figure 3.1). 
Linkage construction, QTL mapping, and statistical analysis 
The total length of genetic map which was constructed with 1495 SNP markers 
was 2660.40 cM with an average length of 133.02 cM per chromosome. The distance 
between adjacent mapped SNP loci ranged from 0.001 to 26.79 cM (Table 3.2). Most of 
the markers followed the reference order (http://www.phytozome.net/soybean.php) of 
SNP markers but only few markers with order rearrangements. 
CIM in WinQtlCart 2.5 detected the significant association of loci with soybean 
aphid resistance or susceptibility on chromosomes 7, 13, 16, and 17 (Figure 3.2). These 
results of CIM were also consistent with the SMA and IM results. 
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The two major QTL detected on chromosomes 7 and 16 exhibited negative 
genetic effects on the aphid counts, i.e. reducing the number of soybean aphids per 
plant and thus associated with soybean aphid resistance (Table 3.3). The resistance QTL 
on chromosome 7 was mapped at 26.91 cM (R2 = 11.37%) and the QTL on chromosome 
16 was mapped at 46.21 cM (R2 = 16.23%), and they were positioned near ss715598534 
(26.95 cM) and ss715625261 (46.16 cM), respectively (Table 3.3, Figure 3.3). There were 
five SNP markers within the QTL region of 23.6 cM - 28.5 cM on chromosome 7 and five 
SNP markers within the QTL region of 42.8 cM - 49.7 cM on chromosome 16 (Figure 3.3). 
One-way ANOVA indicated that all the markers within each QTL region were highly 
associated (p<0.0001) with the trait. The R2 values of the markers within the QTL region 
on chromosome 7 and 16 ranged from 17.7 – 18.8% and 16.3 – 18.6%, respectively.  
The minor QTL detected on chromosome 13 (R2 = 6.3%) and 17 (R2 = 4.1%) 
exhibited positive genetic effects on the aphid counts, and thus were associated with 
soybean aphid susceptibility (Table 3.3). The markers within the regions of QTL on 
chromosomes 13 and 17 were also significantly associated with the trait (Table 3.3). 
Based on one-way ANOVA, the R2 values of the associated markers ranged from 9.3 – 
11.9% on chromosome 13 and 5.3 – 11.1% on chromosome 17, respectively.  
Segregation analysis and QTL interaction 
Segregation analysis of the most closely associated markers with the detected 
QTL revealed that both the homozygous alleles from the resistant parent and the 
heterozygous alleles for the QTL on chromosome 7 exhibited a similar degree of 
resistance against soybean aphid (Table 3.4). At the homozygous and heterozygous 
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resistant background at the locus on chromosome 7, the homozygous alleles from 
resistant parent and the heterozygous alleles for the QTL on chromosome 16 
demonstrated resistant reaction. But only homozygous alleles from the resistant parent 
showed resistant reaction at the susceptible background at the locus on chromosome 7. 
However, regardless of the genotypes at the locus on Chromosome 7, the average 
number of aphids on the heterozygous genotypes at the locus on Chromosome 16 was 
significantly larger than the mean of genotypes carrying homozygous alleles from 
resistant parent and significantly smaller than the mean of genotypes carrying 
homozygous alleles from the susceptible parent (Table 3.4). The results suggested that 
the alleles of QTL on chromosome 7 expressed dominantly for resistance and the alleles 
of QTL on chromosome 16 showed partially dominant effects. The genotypes carrying 
the homozygous alleles from resistant parent and heterozygous alleles for the minor 
QTL on chromosomes 13 and 17 were statistical similar for average number of aphids 
per plant but significantly higher than the genotypes carrying homozygous alleles from 
susceptible parent (Table 3.4). The results suggested that minor QTL on chromosomes 
13 and 17 were segregated dominantly for susceptibility to soybean aphids. 
Multiple interval mapping revealed no epistasis interaction between any QTL 
combinations. However, two-way ANOVA indicated that there was significant 
interaction (p<0.05) between the most associated markers of the QTL on chromosomes 
7 and 13 (Table 3.4).  
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DISCUSSION 
PI 603712 is a newly identified soybean germplasm accession of resistance to 
soybean aphids from maturity group (MG) 0 (Bhusal et al., 2013) which was crossed 
with soybean cultivar ‘Roberts’ from MG 0 (Jiang et al., 2014) during summer, 2011. The 
cultivar ‘Roberts’ is a high yield and good quality cultivar of MG 0 released by South 
Dakota State University (Jiang et al., 2014) but was susceptible to soybean aphids (data 
unpublished). The accurate data of previous observation on the susceptible parent were 
not available because of insecticide applying in the field. In the present investigation, 
the infestation of soybean aphids was significantly higher on ‘Roberts’ than that on PI 
603712. The former was infested almost five times higher compared with the latter.  
Clearly, the difference in soybean aphid infestation between PI 603712 and 
‘Roberts’ was big enough to detect the genetic association of the soybean aphid 
resistance in a segregating population like F2-generation derived from the cross 
between them. In fact, the F2 population exhibited a transgressive segregation in both 
directions of resistance and susceptibility. The skewness of the frequency distribution in 
the population of F2 plants towards soybean aphid resistance phenotypically implied the 
presence of dominant gene(s) governing soybean aphid resistance. 
A linkage map with a sufficient number of markers and appropriate marker 
distribution on the chromosomes is important for QTL analysis and identification of 
functional genes or loci. Of 5,403 SNPs screened in the F2 population used in this study, 
a total of 2234 markers were polymorphic and thus were used in linkage analysis by 
JoinMap 4.0. Previous studies suggested exclusion of the markers showing segregation 
62 
 
distortion in linkage analysis (Jun et al., 2012; Akond et al., 2013). In this study, there 
were some markers which showed segregation distortion from the expected goodness 
of fit ratio of 1:2:1, and thus were excluded for further analysis. Several markers were 
identical in the position within chromosomes and were also excluded. In addition, quite 
a number of markers were not grouped in calculating grouping tree by the software 
(JoinMap 4.0) due to higher recombination frequency than the set threshold of 0.250. 
After all these exclusions, 1495 markers were finally mapped on 20 chromosomes. 
Compared to the reference soybean genome assembly (Wm82.a2.v1), order 
rearrangement was observed for some markers in this investigation which is not 
uncommon (Mian et al., 2008b; Vuong et al., 2010; Zhang et al., 2010) . Such 
inconsistency in the sequence order was probably attributed to chromosomal 
aberrations (mutations) such as insertions, deletions, inversions, and/or translocations 
that might have occurred in either of the parents of mapping population compared with 
the germplasm accessions of reference (Stam, 1993; Williams et al., 1995; Tillier and 
Collins, 2000; Darling et al., 2004). It has been suggested that considerable genome 
shuffling occurred during the establishment of the paleopolyploid soybean genome 
after separation of species (Hisano et al., 2007). Genome duplications during the course 
of soybean evolution also resulted in the consequence that nearly 70% of genes in 
soybean have multiple copies (Schmutz et al., 2010). 
Hyten et al. (2010) assumed that for the approximately 2500 cM genome size of 
soybean, a QTL detection study would require 125 to 250 markers uniformly distributed 
at 10- or 20-cM intervals on each linkage group. The total span of 2660.4 cM genetic 
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map with an average of 133.02 cM per chromosome in this study was nearly 
corresponded to the total genetic length (2296.4 cM) and average length per 
chromosome (114.8 cM) of the published genetic map in Soybean Consensus Map 4.0 
(Hyten et al., 2010). Except few markers with an interval of more than 10 cM, the 
present genetic map showed an average interval of 1.8 cM, varying from 1.35 – 3.47 cM 
with linkage groups, thereby providing enough confidence of power for analyzing and 
identifying associated loci for soybean aphid resistance (Table 3.2).  
Genetic loci associated with soybean aphid resistance have been identified in 
several soybean aphid resistant genotypes. Several dominant and recessive resistance 
genes against soybean aphids have been respectively mapped on chromosome 7 (Li et 
al., 2007; Zhang et al., 2009; Bales et al., 2013), chromosome 8 (Jun et al., 2012; Xiao et 
al., 2013), chromosome 13 (Mian et al., 2008b; Zhang et al., 2009; Kim et al., 2010b), 
and chromosome 16 (Zhang et al., 2009; Bales et al., 2013). In our investigation, two 
soybean aphid resistance loci, located on chromosomes 7 and 16, respectively, were 
identified in the resistant germplasm PI 603712 by composite interval mapping in 
WinQTLCart 2.5 (Wang et al., 2012). It was also found that PI 603712 carried two 
potential minor loci for soybean aphid susceptibility on chromosomes 13 and 17. 
Segregation analysis suggested that the resistant locus on chromosome 7 was expressed 
dominantly whereas the locus on chromosome 16 was expressed as partial dominance 
for resistance. The alleles of the minor loci on chromosomes 13 and 17 were expressed 
dominantly for soybean aphid susceptibility. 
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Chromosome 7 has previously reported to carry a dominant soybean aphid 
resistant locus, Rag1 in PI 548663 (‘Dowling’) (Li et al., 2007), and two recessive soybean 
aphid resistant loci, rag1b in PI 567598B (Bales et al., 2013) and rag1c in PI 567541B 
(Zhang et al., 2009). Since the resistant locus detected on chromosome 7 in present 
investigation was dominantly expressed, it would be interesting to determine whether 
the currently detected locus in PI 603712 is different than previously identified Rag1 
locus. The peak of the currently detected QTL was positioned between SNP markers 
ss715598483 (physical position: 6,444,246 bp) and ss715598534 (physical position: 
6,819,959 bp) (Table 3.3). Five markers ss715598440, ss715598483, ss715598534, 
ss715598542, and ss715598558 were located within the QTL region of currently 
identified locus (Figure 3.3). The soybean genome assembly (Wm82.a2.v1) indicates that 
these five markers within the QTL region were spanned from physical nucleotide 
position of 6,108,248 bp to 7,024,929 bp on the chromosome 7 
(http://www.phytozome.net/soybean.php). This physical interval of the QTL region is 
different from the physical interval of 5,492,694 bp and 5,608,084 bp of flanking 
markers of Rag1 locus (Kim et al., 2010a). Therefore, we propose that the currently 
detected locus on chromosome 7 for soybean aphid resistance in PI 603712 might be 
different from Rag1 locus, and we would provisionally name it as Rag1b according to 
the conventions of the Soybean Genetics Committee (Zhang et al., 2013). Further 
genetic analysis in larger mapping populations and in different genetic backgrounds 
would confirm the putative location of resistant locus Rag1b.  
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In previous studies, a dominant resistant locus Rag3 in PI 567543C (Zhang et al., 
2010; Wang et al., 2015) and a recessive resistant locus rag3 in PI 567598B (Bales et al., 
2013) were identified on chromosome 16. The physical nucleotide positions of five SNP 
markers from ss715625228 to ss715625307 within the currently detected QTL region on 
this chromosome were from 5,640,875 bp to 6,570,336 bp on soybean genome 
assembly (Wm82.a2.v1). The physical nucleotide positions of the flanking markers of 
Rag3 in Win82.a1.va were 6,314,060 bp (ss715625290 i.e. Gm16_6262227_C_T) and 
6,571,305 bp (ss715625308 i.e. Gm16_6424067_A_G)  (Wang et al., 2015)1, which are 
located within the region of the QTL detected on the same chromosome in this study. 
Both dominantly expressed Rag3 and recessively expressed rag3 locus of soybean aphid 
resistance were found in same chromosome location in previous investigations (Bales et 
al., 2013; Wang et al., 2015). Therefore, the resistant locus on chromosome 16 detected 
in PI 603712 most probably is same as the original Rag3 locus reported in PI 567543C. 
However, it might have different allele from Rag3 as its effect was partially dominant. 
Therefore, we would provisionally designate this locus detected in PI 603712 as Rag3c 
according to the conventions of Soybean Genetics Committee (Zhang et al., 2013). 
The two loci Rag1b and Rag3c exhibited a similar degree of resistance to 
soybean aphids. No significant interaction between them was detected and one’s 
effects could be enhanced by the other, though dominance and partial dominance was 
observed in these loci, respectively. As shown in Table 3.4, the genotypes carrying the 
                                                          
1
 The marker positions reported in Wang et al. (2015) are converted to Wm82.a2.v1 referring the 
positions in http://soybase.org/.  
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resistance alleles at both loci showed a significantly smaller average number of soybean 
aphids than the genotypes that possessed resistance alleles at one locus alone. It 
implies that gene pyramiding is a potential strategy for enhancing resistance to soybean 
aphids in practical breeding. 
In addition to major loci as described above, two potential minor QTL were also 
identified in this study. They were located at 1.91 cM on chromosome 13 (R2 = 6.3%) 
and at 115.51 on chromosome 17 (R2 = 4.1 %), respectively (Table 3.3). Interestingly, the 
alleles of these two loci from the resistant parent PI 603712 exhibited unfavorable 
effects on the resistance, i.e. being associated with susceptibility to soybean aphid 
(Table 3.4). By contrast, the alleles from the susceptible parent ‘Roberts’ at these two 
loci decreased the aphid number. In other words, ‘Roberts’ contributed the favorable 
alleles for aphid resistance at these two minor loci on chromosomes 13 and 17. Jun et 
al. (2013) also reported a similar phenomenon. It is not unusual that susceptible 
soybean lines might carry one or few loci associated with insect resistance (Boerma and 
Walker, 2005; Jun et al., 2013). A line that usually exhibited susceptibility does not 
necessarily possess unfavorable alleles at all loci. The physical nucleotide positions of 
the markers most closely associated with the minor QTL were at 13,691,537 
(ss715613721) to 13,626,971 bp (ss715617240) on chromosome 13. This locus is far 
from the physical interval of 29,212,318 to 29,266,469 bp of flanking markers of Rag2 
locus mapped in PI 200538 (Kim et al., 2010b). Genetic location of currently detected 
locus is close to location of previously reported resistant locus rag4 that was mapped at 
the physical interval of 7,756,558 to 8,293,174 bp of flanking markers in PI 567541B 
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(Wang et al., 2015). The physical nucleotide positions of the markers most closely 
associated with the minor QTL were at 39,019,814 bp (ss715627556) to 39,521,449 
(ss715627637) on chromosome 17. As shown by one-way ANOVA, all the markers 
spanned within the QTL regions on either chromosome were significantly associated 
(p<0.005 and <0.05, respectively). No locus on Chromosome 17 for soybean aphid 
resistance has been reported previously. However, disease resistance QTL for sudden 
death syndrome and soybean cyst nematode have been reported in this chromosome 
(Concibido et al., 2004; de Farias Neto et al., 2007). Further work is needed to validate 
or confirm the putative QTL identified on Chromosome 17.   
Although no significant epistasis interaction was detected by multiple interval 
mapping, two-way ANOVA based on the markers most closely associated with the QTL 
on chromosomes 7 and 13 indicated the significant locus by locus interaction (p<0.05) 
between them (Table 3.4). Locus by locus interactions for any of the other pairs of major 
or minor loci was not significant. Homozygous genotype of alleles from the resistant 
parent PI 603712 at the QTL on chromosome 13 was accountable for increasing 
susceptibility at homozygous resistant background on chromosome 7 locus. The 
homozygous alleles of the QTL on chromosome 16 from susceptible parent ‘Roberts’ 
also increased soybean aphid infestation to some extend but the interaction was not 
significant (Table 3.4).   
In summary, the resistant germplasm PI 603712 carries alleles of both resistance 
at two major loci and susceptibility at two minor-effect loci to soybean aphid. The 
effects of two major loci Rag1b and Rag3c could be enhanced by each other. 
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Homozygous susceptible alleles of the major loci on chromosomes 16 and the minor loci 
on 13 could reduce, to some degree, the effects of resistant locus on chromosome 7 
present in PI 603712. In practical breeding, therefore, soybean breeders should be 
cautious and careful in selecting individuals or lines through marker-assisted selection 
(MAS) to develop soybean aphid resistant cultivars when using PI 603712 as a donor 
parent of resistance. Only the lines that have resistant alleles of loci on chromosome 7 
and 16 from PI 603723 should be selected, without carrying the susceptible alleles of 
locus on chromosome 13 and 17. 
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Table 3.1. Number of soybean aphids per plant in parents and F2 populations evaluated 
in the greenhouse experiments  
Parents Mean number of soybean 
aphids per plant 
F2 Population: ‘Roberts’ x PI 603712 
 N§ Range 
‘Roberts’† 808.1 a 142 46 - 885 
PI 603712‡ 160.8 b 
Means followed by same letters within the rows were not different significantly by LSD 
at p=0.05  
† Susceptible parent 
‡ Resistant parent  
§ N, Number of plants in F2 populations used for evaluating soybean aphid resistance 
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Figure 3.1. Frequency distribution of F2-plants (original count) derived from the cross 
‘Roberts’ x PI 603712 for soybean aphid resistance in the greenhouse. 
 
  
PI 603712 
(161 aphids plant-1) 
SD03-2154 
(808 aphids plant-1) 
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Table 3.2.  Summary of soybean genetic linkage map constructed in JoinMap 4.0 using 
142 F2 plants derived from the cross between ‘Roberts’ and PI 603712 
Chromosome 
(Linkage group) 
Number of SNP 
markers mapped  
Length of linkage 
map 
(cM) 
Average distance 
between adjacent 
SNP loci (cM) 
1 (D1a) 53 84.5 1.63 
2 (D1b) 112 154.9 1.40 
3 (N) 43 145.9 3.47 
4 (C1) 88 135.0 1.55 
5 (A1) 58 128.3 2.25 
6 (C2) 110 174.0 1.60 
7 (M) 61 121.2 2.02 
8 (A2) 102 166.4 1.65 
9 (K) 65 140.2 2.19 
10 (O) 90 144.2 1.62 
11 (B1) 50 119.7 2.44 
12 (H) 65 126.2 1.97 
13 (F) 71 163.4 2.33 
14 (B2) 74 125.7 1.72 
15 (E) 71 105.7 1.51 
16 (J) 78 109.7 1.43 
17 (D2) 74 135.6 1.86 
18 (G) 90 120.4 1.35 
19 (L) 68 130.7 1.95 
20 (I) 72 128.8 1.81 
Average 74.8 133.02 1.80 
Total 1495 2660.4  
cM, Centi-Morgan 
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Figure 3.2. Genome-wide scan of quantitative trait loci (QTL) for soybean aphid 
resistance by composite interval mapping in WinQTLCart 2.5 in a population 
of 142 F2 plants derived from the cross between ‘Roberts’ and PI 603712 
evaluated in the greenhouse. The horizontal line represents the empirical 
threshold logarithm of odd (LOD) score determined by one thousand 
permutations. 
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Table 3.3. Quantitative trait loci (QTL) and their closely associated SNP markers on chromosome 7, 16, 13, and 17 associated with 
soybean aphid resistance within QTL regions by composite interval mapping method in WinQTLCart 2.5  
Chromosome 
(LG) 
 
Loci identified in the present study Loci reported previously on the same chromosomal 
regions 
QTL/gene Position 
(region) 
(cM) 
R
2
 
value 
Additive 
effect 
Dominant 
effect 
Close Markers 
(within QTL 
region) 
Marker 
position 
(cM) 
Marker physical 
position (bp) 
P > F 
value† 
R
2
 
value† 
Resistance 
loci 
Flanking SNP 
Markers 
Physical 
location (bp) 
References 
7 (M) Rag1b 26.91 
(23.6 – 
28.5) 
11.4 -0.22 -0.13 ss715598483 
ss715598534 
24.79 
26.94 
6,444,246 
6,819,959 
<0.0001 
<0.0001 
17.7 
18.8 
Rag1 46167.7 
21A 
5,492,694 
5,608,084 
Kim et al., 
2010 
16 (J) rag3c 46.21 
(42.8 – 
49.7) 
16.2 
 
-0.21 -0.06 ss715625261 
ss715625278 
46.15 
46.55 
6,105,250 
6,222,257 
<0.0001 
<0.0001 
18.0 
16.9 
Rag3 ss715625290 
ss715625308 
6,314,060 
6,571,305 
Wang et al., 
2015‡ 
13 (F) qChrom.13.1 1.91 
(0.0 – 5.4) 
6.3 0.12 0.01 ss715613721 
ss715617240 
1.56 
1.93 
13,691,537 
13,626,971 
0.0001 
0.0002 
11.9 
11.8 
    
17(D2) qChrom.17.1 115.51 
(108.1 – 
123.7) 
4.1 0.11 0.04 ss715627556 
ss715627637 
114.98 
122.12 
39,019,814 
39,521,449 
0.0006 
0.0125 
10.2 
6.1 
    
cM, centi-Morgan; LG, Linkage Group; bp, Base-pair 
† p > F and R2 value of associated markers were analyzed by using one-way ANOVA on individual SNP markers by PROC GLM in SAS 9.3.  
‡ The marker positions reported by Wang et al. (2015) are converted to Wm82.a2.v1 referring the positions in http://soybase.org. 
83 
 
a. 
       
(Figure 3.3. continued …..) 
 
R
ag1
 
84 
 
b. 
     
 
 
(Figure 3.3. continued …..) 
 
  
R
ag3
 
85 
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d. 
     
Figure 3.3. Linkage map and Location of quantitative trait loci (QTL) associated with 
soybean aphid resistance on chromosome 7 (a), 16 (b), 13 (c), and 17 (d) by 
composite interval mapping in WinQTLCart 2.5 in a population of 142 F2-
plants derived from the cross between ‘Roberts’ and PI 603712. Rag1 and 
Rag3 are the previously identified soybean aphid resistance loci on 
corresponding chromosomes. 
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Table 3.4. Means of number of soybean aphids for different combinations of the SNP 
markers most closely associated with the quantitative trait loci (QTL) on 
chromosomes 7 and 16, on chromosomes 7 and 13, and chromosomes 7 and 
17, analyzed in  two-way ANOVA by PROC GLM procedure in SAS 9.3 
Loci  ss715598534 (Chromosome 07) Mean Interaction  
p-value Allele† A1A1 A1A2 A2A2 
ss715625261 
(Chromosome 16) 
B1B1 111.1 g 140.1 e-g 220.7 de  150.4 C  
p=0.3069 B1B2 132.2 fg 178.5 ef 474.6 ab  214.5 B 
B2B2 288.3 cd 364.4 bc 668.1 a  359.6 A 
Mean 171.0 B 196.3 B 396.4 A  
 
ss715617240 
(Chromosome 13) 
C1C1 403.7 b 228.8 cd 707.1 a 313.3 A  
p=0.0290 C1C2 144.2 de 230.8 cd 432.6 ab 244.2 A 
C2C2 140.8 de 129.3 e 266.3 bc 156.5 B 
Mean 171.0 B 196.3 B 396.4 A  
 
ss715627556 
(Chromosome 17) 
D1D1 241.9 a-d 269.3 a-c 539.8 a 293.4 A  
p=0.6982 D1D2 158.8 cd 208.6 b-d 334.9 ab 225.6 A 
D2D2 129.2 cd 119.6 d 378.9 a-c 154.0 B 
Mean 171.0 B 196.3 B 396.4 A  
Means followed by same small letters within each interaction were not different significantly at 
p=0.05 by LSD 
Means followed by same capital letters within each row and within each column for 
corresponding locus are not different significantly at p=0.05 by LSD 
† A1, B1, C1, and D1 are the alleles of markers from PI 603712 (resistant parent) and A2, B2, C2, 
and D2 are the alleles of markers from ‘Roberts’ (susceptible parent) on corresponding 
chromosomes 
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CHAPTER IV 
GENOME-WIDE ASSOCIATION STUDY FOR SOYBEAN APHID RESISTANCE IN EARLY 
MATURING SOYBEAN GERMPLASM ACCESSIONS 
ABSTRACT 
Soybean aphid (Aphis glycines Matsumura) has been a major pest of soybean 
[Glycine max (L.) Merr.] in the northern United States and three Canadian provinces. 
Understanding genetic architecture of soybean aphid resistance trait helps to explore 
potential genes controlling the trait. To dissect the genetic architecture of soybean 
aphid resistance, genome-wide association study (GWAS) was conducted in a population 
consisting of 330 soybean germplasm accessions which were genotyped with the 
Illumina Infinium SoySNP50K BeadChip. Phenotyping was performed in the USDA-ARS 
Eastern South Dakota Soil and Water Research Farm near Brookings in summer, 2011. 
Fourteen loci were identified to be associated with soybean aphid resistance on nine 
chromosomes, of which seven chromosomes were not previously reported to carry loci 
associated with soybean aphid resistance or susceptibility trait. Leucine rich repeat (LRR) 
family protein and protein kinase superfamily protein were predominant protein 
associated with soybean aphid resistance or susceptibility. Identification of soybean 
aphid resistance associated loci in the newer and refined chromosomal regions provides 
more extensive and in-depth insight of genetic association of the trait in the soybean 
genome. 
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INTRODUCTION 
Soybean aphid (Aphis glycines Matsumura), a native pest of soybean (Glycine 
max (L.) Merr.) in Asia, has been a major pest of soybean [Glycine max (L.) Merr.] in 
North America since 2000 (Hartman et al., 2001). It has rapidly become established in 30 
states of the United States and three provinces of Canada (Ragsdale et al., 2011). 
Feeding of soybean aphids results in stunted plant growth and reduced seed yield and 
quality (Beckendorf et al., 2008) and seed oil content (Riedell and Catangui, 2006; 
Beckendorf et al., 2008). They also damage soybean indirectly by transmitting various 
plant pathogenic viruses (Hill et al., 2001; Davis et al., 2005; Gildow et al., 2008) and 
facilitating sooty mold development by excessive secretions of honeydew that reduce 
photosynthetic efficiency (Macedo et al., 2003). As shorter life cycle as one and half 
days to double their population under favorable conditions (McCornack et al., 2004), 
faster rate of multiplication due to parthenogenetic reproduction during summer, and 
development of winged and wingless adults when required, keeps soybean plants at 
high risk of invasion (Ragsdale et al., 2004; Wu et al., 2004). On severe infestations, 
soybean aphids may potentially reduce as much as 75% of yield loss (Ostlie, 2002; 
Catangui et al., 2009). 
Several dedicated investigations already identified a number of soybean aphid 
resistant cultivars, breeding lines, or germplasm accessions (Hill et al., 2004; Mensah et 
al., 2005; Diaz-Montano et al., 2006; Hesler and Dashiell, 2007; Hesler et al., 2007; 
Hesler and Dashiell, 2008; Mian et al., 2008a; Bhusal et al., 2013; Bhusal et al., 2014). A 
number of major genes resistant to soybean aphids such as Rag1, Rag2, Rag3, rag4, 
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rag1b, rag1c, rag3, and Rag6 have been determined in some of the resistant genotypes 
(Hill et al., 2006; Li et al., 2007; Mian et al., 2008b; Hill et al., 2009; Zhang et al., 2009; 
Kim et al., 2010; Zhang et al., 2010a; Bales et al., 2013; Xiao et al., 2013). All the 
previously reported soybean aphid resistance genes were identified using linkage 
analysis and genetic map which detects genes/QTL segregating in a mating of specific 
parents with a limited recombination in the progeny. 
Genome-wide association study (GWAS) is a powerful tool to explore genetic 
architecture of traits. Using high-density markers, GWAS provides higher mapping 
resolution over conventional QTL mapping, and thus enables better prediction of casual 
candidate genes of trait (Zhang et al., 2015b). Unlike in Linkage mapping, GWAS has 
ability to detect ranges of genes controlling the trait of interest with the increased 
resolution of historical recombination (Cardon and Bell, 2001; Hwang et al., 2014). 
Although GWAS has widely been used to dissect complex traits in maize and rice (Huang 
et al., 2010; Poland et al., 2011; Tian et al., 2011; Li et al., 2013), only few reports of 
GWAS have been published in soybean utilizing high-density single nucleotide 
polymorphisms (SNPs) (Hwang et al., 2014; Mamidi et al., 2014; Wen et al., 2014; Zhang 
et al., 2015a; Zhang et al., 2015b; Zhang et al., 2016). However, GWAS of plant 
resistance to insects is limited and GWAS for soybean aphid resistance is not available.  
Therefore, genome-wide association analysis was performed in a population of 
330 soybean germplasm accessions with the aim of better understanding the genetic 
architecture of soybean aphid resistance or susceptibility trait. Several loci associated 
with the trait were identified both in previously identified as well as new chromosomes.  
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MATERIALS AND METHODS 
Plant materials and phenotyping 
Three hundred and thirty soybean germplasm accessions were planted in 1.5-m-
long single-row plots (50 seeds per plot) and replicated three times in a randomized 
complete block design at the USDA-ARS Eastern South Dakota Soil and Water Research 
Farm near Brookings in summer, 2011. 90.3% of the accessions were originated from 
China followed by Russia, Sweden, USA, Japan and seven other countries. Of them, 89% 
(293) of the accessions were from maturity group (MG) 0, ~9% (30) were from MG 00, 
and remaining accessions were from MG II, III, IV, and VIII. 
Natural infestation of soybean aphid was supplemented artificially by placing 
one soybean aphid-infested soybean stem in the upper canopy of each plot on July 19 as 
described in Bhusal et al. (2013).  All the accessions were scored in a 1 to 6 scale 
(Appendix I) when susceptible plants in the experimental plots and border areas were 
heavily infested with soybean aphid.  Most of the accessions were at R4 to R6 
developmental stages when scored. Phenotypic results are already published in our 
previous publication (Bhusal et al., 2013).  
Genotyping, quality control, and Genome-wide association study 
The genotypic data were generated by using Illumina Infinium SoySNP50K 
Beadchip as described in a previous study (Song et al., 2013) with 85% (42509 SNPs) of 
call success rate. The SNPs presented in unanchored sequence scaffolds were removed 
and the missing data were imputed using BEAGLE version 3.3.1 using default parameter 
settings (Browning and Browning, 2007, 2009). 
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Genome-wide association study (GWAS) analysis was performed in a 
compressed mixed linear model (Zhang et al., 2010b) implemented in the GAPIT R 
package (Lipka et al., 2012) by using 32,634 SNP markers that had MAF ≥0.05 across the 
population. From the GWAS analysis results, significance threshold for SNP-trait 
association was determined by false discovery rate (q) < 0.05. Density of markers 
distributed throughout the genome and linkage disequilibrium were estimated for the 
SNPs that were considered for GWAS as described by Zhang et al. (2015b).  
Prediction of candidate casual genes 
Candidate casual genes for significantly associated loci with soybean aphid 
resistance were predicted based on gene models annotated in Glyma.Wm82.a1.v1 of 
soybean genome available at www.soybase.org. The candidate genes were predicted on 
the basis of function-known orthologs in Arabidopsis and known function in soybean or 
other crops related to the trait that are available within 50 kb up- and downstream from 
the peak SNPs. 
RESULTS 
Phenotypes 
The phenotypic results are published in Bhusal et al. (2013). Soybean aphid 
infestations significantly differed among genotypes (p < 0.0001) as shown by analysis of 
variance. The average soybean aphid scores varied from 1.3 to 6.0 in the tested 
germplasm lines that were observed by using a 1 to 6 scale (Appendix I). The frequency 
distribution of germplasm lines was skewed towards susceptibility (Figure 4.1).  
Heritability of the trait was 0.72. 
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GWAS of soybean aphid resistance 
GWAS was conducted by using soybean aphid rating scores observed in the 330 
soybean germplasm accessions that were tested in the field near Brookings, SD during 
summer of 2011. Though genome-wide association analysis was respectively performed 
using all genotyped (42393) markers and all the markers with MAF ≥0.05 across the 
population, only the results of later analysis were considered in this study. Out of 32634 
SNPs having MAF ≥0.05 across the population, 78.39% of SNPs were distributed in 
euchromatic regions with an average marker density of 1 SNP per 17.13 kb genome-
wide which contain 78% of the putative genes present in soybean genome (Schmutz et 
al., 2010) (Appendix III). Heterochromatic region harbors 21.61% SNPs with an average 
marker density of 1 SNP per 72.46 kb. Linkage disequilibrium (LD) decay rate was 
estimated at 479 kb genome wide where r2 value dropped to half (i.e. r2 = 0.228) of its 
maximum value. However, the LD decay rate was at 348 kb and 3647 kb in euchromatic 
and heterochromatic regions where r2 value dropped to half of its maximum value 
(Figure 4.2). 
Twenty-seven SNPs in nine chromosomes were significantly associated with 
soybean aphid resistance.  Out of 15 associated SNPs on chromosome 18 (Gm18), 12 
SNPs were located in the extensive LD blocks in the heterochromatic regions with 
physical length of 0.9 Mb (Figure 4.3). Trait-associated loci were determined by selecting 
strongest (peak) SNPs out of all significant SNPs within each LD block at r2 > 0.70. In case 
of extensive LD blocks where multiple peak SNPs were found, trait-associated loci were 
determined by browsing gene-models on Glyma.Wm82.a1.v1 of soybean genome 
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available in SoyBase at http://soybase.org/. Finally, 14 loci were identified to be 
associated with soybean aphid resistance on chromosomes 3, 4, 5, 6, 7, 9, 10, 13, and 
18. 
Prediction candidate genes 
Based on gene models annotated in Glyma.Wm82.a1.v1 of soybean genome 
available in SoyBase at http://soybase.org/, we predicted 15 potential candidate genes 
associated with 10 out of 14 significantly associated loci (Table 4.1). The common gene 
annotations for candidate genes were leucine rich repeat (LRR) family protein and 
protein kinase family proteins in multiple chromosomes and chromosome locations. 
Cytochrome P450, alcohol dehydrogenase, raffinose synthase family protein, serine 
carboxypeptidase, and ubiquitin-specific protease 3 proteins were the other gene 
annotations on various chromosomes and chromosome locations. 
DISCUSSION 
This study was performed including 330 germplasm accessions collected in 
Germplasm Resource Information Network (GRIN) from China (298), Russia (7), Sweden 
(6), USA (4), Japan (3), Netherlands (2), Moldova (2), Canada (1), Czech Republic (1), 
Taiwan (1), Ukraine (1), Vietnam (1), and unknown origin (3) for the application genome-
wide association study (GWAS). Out of them 293 accessions were from maturity group 
(MG) 0 and 30 accessions were from MG 00. The Remaining accessions were used as 
resistance and susceptible checks. Six of them were resistance checks from MG III (3), 
MG IV (2), and MG VIII (1), and the remaining one was susceptible check from MG II. 
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Extent of Linkage disequilibrium (LD) and LD decay is the important 
consideration in the application of genome-wide association study for gene discovery 
(Hwang et al., 2014). Recombination rate is inversely proportional to linkage 
disequilibrium (LD). Higher the LD decay, better the rate of recombination. In this study, 
we found 479 kb of LD decay rate genome-wide. There was a large (10 times) difference 
in LD decay between euchromatic (348 kb) and heterochromatic (3647 kb) regions 
(Figure 4.2). The estimate of LD decay rate in the current study was much lower than 
that estimated in rice (Huang et al., 2010). Schmutz et al. (2010) reported five times 
higher recombination rate in euchromatic region than heterochromatic region in 
soybean. However, larger difference in LD decay rates between these two chromosomal 
regions was also found in recent studies (Hwang et al., 2014; Zhang et al., 2015a; Zhang 
et al., 2015b). The result of such faster LD decay rates suggests sufficiently higher 
genetic diversity in our association panel. Higher recombination in euchromatic region 
as indicated by faster LD decay rate requires higher marker density in dissecting genetic 
architecture of the trait as compared to heterochromatic region (Hwang et al., 2014). 
Several resistance genes/QTL have been identified against soybean aphid (Hill et 
al., 2006; Mian et al., 2008b; Hill et al., 2009; Zhang et al., 2009, 2010a; Jun et al., 2012; 
Bales et al., 2013; Xiao et al., 2013). However, the previously reported soybean aphid 
resistance genes/QTL were determined based on linkage analysis and genetic map, 
which do not give the exact physical position of the QTL. Most of them are substantial 
genetic distance far from the markers. Therefore, the physical position of the identified 
QTL by linkage analysis could not precisely be determined. In this regard, the candidate 
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casual genes linked with associated markers can be predicted by using GWAS with high 
density markers based on their physical positions.  In this investigation, we used high 
density markers data generated from Illumina infinium BARCSoySNP50k BeadChip (Song et 
al., 2013) which are available in http://soybase.org/.  
From GWAS analysis and subsequent determination of trait-associated loci as 
described in ‘Results’ section, we identified 14 SNP loci associated with soybean aphid 
resistance or susceptibility on nine chromosomes (Table 4.1). Out of nine chromosomes, 
seven chromosomes (3, 4, 5, 6, 9, 10, and 18) were new to be identified to carry 
soybean aphid resistance related chromosome region(s). We also identified soybean 
aphid resistance loci on chromosomes 7 and 13 which have already been identified to 
bear soybean aphid resistance genes/QTL by different research groups (Hill et al., 2006; 
Mian et al., 2008b; Zhang et al., 2009). Soybean aphid resistance genes/QTL are already 
identified in four chromosomes i.e. chromosomes 7, 8, 13, and 16 (Hill et al., 2006; Mian 
et al., 2008b; Hill et al., 2009; Zhang et al., 2009, 2010a; Jun et al., 2012; Bales et al., 
2013; Xiao et al., 2013). Although the current study also includes the genotypes bearing 
these soybean aphid resistance genes, we did not find any of the significantly associated 
loci (at MAF ≥0.05) for previously identified chromosome regions. The reason for not 
finding significant loci in those genomic regions might be the use of MAF ≥0.05 as a 
cutoff line in selecting the associated loci. There were significant loci in several 
chromosomes including chromosome 7, 8, 13, and 16 in the GWAS using MAF >0 
(Appendix IV). It is well documented that GWAS is unable to detect rare alleles occurring 
in one or a few members of a population understudy (Raychaudhuri, 2011; Ladouceur et 
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al., 2012; Hwang et al., 2014). Genetic diversity can also be decreased during 
domestication through natural and artificial selections in soybean which may increase 
LD making it difficult to predict candidate casual genes through association studies 
(Hyten et al., 2006; Zhang et al., 2015b). 
 During aphid feeding, disruption of plant cell wall tissues has been shown to 
induce defense response by involving hundreds of different genes in Arabidopsis, 
Triticum, Sorghum, and Nicotiana species (Smith and Boyko, 2007). Several 
transcriptional studies presented expression of various genes against soybean aphid and 
other aphids (Zhu-Salzman et al., 2004; Studham, 2010; Prochaska et al., 2015). In the 
current study, LRR family protein and protein kinase family protein predicted as 
predominant protein associated with soybean aphid resistance or susceptibility. An 
arthropod resistance gene Mi-1.2 from wild tomato (Lycopersicon peruvianum (L.) P. 
Mill.) that confers resistance to potato aphid (Macrosiphum euphorbiae (Thomas)) is a 
member of the nucleotide-binding site and leucine rich region (NBS-LRR) Class II family 
resistance genes (Rossi et al., 1998; Martin et al., 2003). NBS-LRR proteins have been 
stated as the only proteins encoded by all the reported aphid resistance genes so far 
(Prochaska et al., 2015). In Sorghum (Sorghum bicolor (L.)), LRR-containing glycoprotein 
sequence was differentially expressed in leaves with the feeding by the 
greenbug (Schizaphis graminum (Rondani)) (Zhu-Salzman et al., 2004). In soybean, four 
genes encoding LRR proteins were differentially expressed by soybean aphid feeding in 
soybean aphid resistant genotype (Prochaska et al., 2015). Various protein kinase family 
proteins are also reported to be associated with various aphids including soybean 
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aphids (Zhu-Salzman et al., 2004; Smith and Boyko, 2007; Samuel, 2008; Anstead et al., 2010; 
Studham, 2010; Prochaska et al., 2015). Cytochrome P450 (Smith and Boyko, 2007; Studham, 
2010; Prochaska et al., 2015), alcohol dehydrogenase (Smith and Boyko, 2007; Studham, 
2010), raffinose synthase family protein (Studham, 2010), serine carboxypeptidase (Zhu-
Salzman et al., 2004; Studham, 2010), and ubiquitin-specific protease 3 (Zhu-Salzman et al., 
2004) proteins were reported to be differentially expressed in resistant genotypes of 
soybean and other crops against different aphids including soybean aphid. Therefore, 
this study brings new insight of soybean aphid resistance associated genes in additional 
chromosomes of soybean genome and provides foundation for broader future 
researches.  
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Figure 4.1. Frequency distribution of soybean germplasm accessions for soybean aphid 
score. 
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Figure 4.2. Average linkage disequilibrium (LD) decay rate in soybean genome estimated as squared correlation coefficient (r2) using 
all pairs of SNP located within 10 Mb of physical distance in a population of 330 soybean germplasm accessions: (a) 
genome-wide and (b) separately in euchromatic and heterochromatic regions of the soybean genome; The dashed within 
the graph indicates the position where r2 value dropped to half of its maximum value
a b 
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Figure 4.3. Extensive linkage disequilibrium (LD) block in the heterochromatic region on 
chromosome 18 (Gm18) of the soybean genome associated with soybean 
aphid resistance or susceptibility. At the top of the panel, the negative log10-
transformed p values plotted against the physical distance on the horizontal 
axis, the physical length of each region is labelled. In the bottom of the panel 
pairwise LD r2 values are indicated in a low diagonal matrix heat map. The r2 
values are shown using a color intensity index as indicated on right bottom of 
the panel. 
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Table 4.1. List of SNP loci significantly associated with soybean aphid resistance or susceptibility by false discovery rate (q) < 0.05 in 
GAPIT R package 
SN SNP/Loci Alleles 
(minor:major) 
MAF Allelic 
effect 
P-value Candidate genes Annotations† Reference 
1 Gm03_2150461 T:C 0.10 - 0.22 3.24E-05 Glyma03g02360 Protein kinase superfamily 
protein 
(Zhu-Salzman et al., 2004; 
Prochaska et al., 2015) 
Glyma03g02410 Cytochrome P450  (Smith and Boyko, 2007; 
Studham, 2010; Prochaska et 
al., 2015) 
Glyma03g02425 Cytochrome P450 
2 Gm04_6223324 C:T 0.18 - 0.19 1.05E-05    
3 Gm05_8810126 T:G 0.49 0.12 2.66E-05 Glyma05g08950 Raffinose synthase family 
protein 
(Studham, 2010) 
4 Gm06_1428270 A:C 0.05 - 0.26 2.99E-05    
5 Gm07_8127066 G:T 0.13 - 0.20 1.22E-05 Glyma07g09690 Alcohol dehydrogenase 
transcription factor 
Myb/SANT-like family 
protein 
(Smith and Boyko, 2007; 
Studham, 2010) 
6 Gm09_44028416 C:T 0.06 - 0.26 2.02E-05 Glyma09g38720 LRR protein kinase family 
protein 
(Li et al., 2008) 
Glyma09g38740 Protein kinase family protein (Zhu-Salzman et al., 2004; 
Prochaska et al., 2015) 
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7 Gm10_43876402 C:T 0.10 - 0.22 1.18E-05 Glyma10g35660  serine carboxypeptidase (Zhu-Salzman et al., 2004; 
Studham, 2010) 
Glyma10g35610 Protein kinase superfamily 
protein 
(Zhu-Salzman et al., 2004; 
Prochaska et al., 2015) 
8 Gm10_44722784 T:G 0.07 0.26 2.68E-05 Glyma10g36663 Protein kinase superfamily 
protein 
(Zhu-Salzman et al., 2004; 
Prochaska et al., 2015) 
9 Gm13_23686614 C:T 0.19 0.19 1.69E-06    
10 Gm18_1158628 G:A 0.27 - 0.16 6.92E-06 Glyma18g01980 LRR transmembrane protein 
kinase family protein 
(Li et al., 2008) 
Glyma18g02020 Ubiquitin-specific protease 3 (Zhu-Salzman et al., 2004) 
11 Gm18_4639026 C:T 0.09 - 0.29 1.78E-06    
12 Gm18_12197382 T:C 0.23 - 0.17 2.16E-05 Glyma18g12830 Protein kinase superfamily 
protein 
(Zhu-Salzman et al., 2004; 
Prochaska et al., 2015) 
13 Gm18_12657435 G:T 0.23 - 0.17 1.52E-05 Glyma18g13175 Leucine-rich repeat (LRR) 
family protein 
(Prochaska et al., 2015) 
14 Gm18_56226616 G:A 0.24 0.15 3.72E-05 Glyma18g46517 Leucine-rich repeat (LRR) 
family protein 
(Prochaska et al., 2015) 
MAF, minor allele frequency; 
Gene annotated in Glyma1.1 (Glyma.Wm82.a1.v1) gene models in SoyBase (www.soybase.org) that were used as the source of 
candidate genes based on their function-known orthologs in Arabidopsis and differential expression and known function in soybean 
or other crops related to the trait under study  
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CHAPTER V 
SUMMERY AND CONCLUSIONS 
Various experiments were conducted in greenhouse, field, and laboratory, aimed 
at identifying new germplasm resources of soybean aphid resistance and revealing 
genetic architectures of soybean aphid resistance in early maturing soybean germplasm 
accessions.  
To identify new sources of soybean aphid resistance in early maturing soybean 
germplasm accessions, 330 soybean germplasm accessions from Maturity Group (MG) I, 
along with eight resistant checks and three susceptible checks, were evaluated in 
greenhouse by caged (no-choice) and non-caged tests. Then a subset of 24 germplasm 
accessions based on the results of greenhouse tests, and eight resistant and two 
susceptible checks were evaluated again in the field under natural soybean aphid 
infestations supplemented by artificial infestation.  
In the greenhouse tests, accessions PI 189946, PI 153214, and PI 437075 
exhibited low SA levels (<50 aphids plant-1  in caged test and SA score of 1.3 or less in 
non-caged test) similar to those on resistant checks. Six accessions (PI 378663, PI 
603587A, PI 567250A, PI 603326, PI 603339A, and PI 603546A) showed moderate aphid 
resistance with <135 aphids plant-1 in caged and SA score of 2.3 or less in non-caged 
test. In the field, PI 567250A and PI 603339A performed similar to resistant checks, and 
PI 153214 and PI 437075 showed moderate aphid resistance. Across all three tests, PI 
567250A and PI 603339A exhibited consistently low levels of aphid infestation and thus 
may be useful in soybean breeding as newly identified sources of SA resistance.  
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To characterize the genetic basis of soybean aphid resistance in PI 603712, a 
newly identified resistant gemplasm line, 142 F2 plants derived from the cross ‘Roberts’ 
x PI 603712 and their parents were evaluated for soybean aphid resistance in the 
greenhouse. The genotyping was done at Soybean Genomics and Improvement Lab, 
Beltsville Agricultural Research Center – West, USDA-ARS, Beltsville, MD with the 
BARCSoySNP6K Illumina Infinium II BeadChip containing 5,403 SNPs, following the 
Infinium® HD Assay Ultra Protocol (Illumina, Inc. San Diego, CA). A genome-wide 
molecular linkage map was constructed with 1495 polymorphic SNP markers by using 
the mapping software JoinMap 4.0. QTL analysis of soybean aphid resistance was 
conducted in WinQTLCart 2.5 by composite interval mapping (CIM) with a precision 
selection of walking speed of 0.5 cM. 
QTL analysis revealed that PI 603712 possessed two major loci of soybean aphid 
resistance, which were located on chromosome 7 and 16, respectively. The locus on 
chromosome 7 was dominantly expressed and positioned about one Mega-base-pair 
(Mb) far from the previously identified resistance locus Rag1. The locus on chromosome 
16 was partially dominant and positioned near the previously identified locus Rag3 of 
resistance. Interestingly, two minor loci for susceptibility were also detected on 
chromosomes 13 and 17 in PI 603712. In developing soybean aphid resistant cultivars 
through marker-assisted selection, an appropriate combination of resistance loci should 
be selected when PI 603712 is used as a donor parent of resistance. 
Moreover, a genome-wide association study (GWAS) was also performed to 
dissect the genetic architecture of soybean aphid resistance in a population consisting of 
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330 soybean germplasm accessions. Of them, 89% of the accessions were from maturity 
group (MG) 0, 9% were from MG 00, and remaining accessions were from MG II, III, IV, 
and VIII. The genotypic data were generated by using Illumina Infinium SoySNP50K 
Beadchip. Genome-wide association (GWA) was analyzed implementing compressed 
mixed linear model in the GAPIT R package by using 32,634 SNP markers that had MAF 
≥0.05 across the population. From the GWA analysis results, significance threshold for 
SNP-trait association was determined by false discovery rate (q) < 0.05.  
GWAS identified fourteen loci to be associated with soybean aphid resistance on 
nine chromosomes, of which seven were not previously reported to carry loci associated 
with soybean aphid resistance or susceptibity trait. Leucine rich repeat (LRR) family 
protein and protein kinase superfamily protein were predominant protein associated 
with soybean aphid resistance or susceptibility. Identification of soybean aphid 
resistance associated loci in the newer and refined chromosomal regions provides more 
extensive and in-depth insight of genetic association of the trait in the soybean genome. 
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APPENDICES 
APPENDIX I 
Denotation of scores used to evaluate soybean-aphid infestations on soybean genotypes 
in the greenhouse non-caged test and field screening tests. 
Score Description 
Number of aphids plant-1 and severity of plant damage for field tests 
1 ≤25 aphids plant-1, plant appears normal and healthy. 
2 26 to 100 aphids plant-1, plant appears normal and healthy. 
3 101 to 200 aphids plant-1, older leaves may be slightly yellowing. 
4 201 to 500 aphids plant-1, plant appears slightly stunted with yellowing older leaves 
and slight curling young leaves, and slight appearance of sooty mold and cast skins on 
stem and leaves. 
5 > 500 aphids plant-1, without obvious plant damage (e.g. curling, yellowing and sooty 
mold development). 
6 > 500 aphids plant-1, with obvious plant damage (e.g. curling, yellowing and sooty 
mold development). 
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APPENDIX – II 
Means of soybean aphid counts per plant and infestation scores of selected soybean 
germplasm accessions tested in greenhouse and field experiments. 
SN 
 
 
Germplasm 
accessions 
Greenhouse 
Field 
test 
Remarks† 
Caged test 
(count)  
Non-caged test 
(score)  
(count)  
1 FC 030233 181.3 3.3 -- MG I 
2 FC 031122 279.4 3.0 -- MG I 
3 PI  532438 318.3 4.3 615.3 Sus. Ck. 
4 PI  416946 124.0 3.7 -- MG I 
5 PI  068551-3 214.4 3.3 -- MG I 
6 PI  068746 244.4 4.0 -- MG I 
7 PI  417024 239.0 3.3 -- MG I 
8 PI  071506 73.2 2.3 139.2 Res. Ck. 
9 PI  078242 278.7 4.0 -- MG I 
10 PI  078243 183.6 4.3 -- MG I 
11 PI  079648 210.2 3.7 -- MG I 
12 PI  424210 224.4 3.3 -- MG I 
13 PI  081037-4 356.8 4.0 -- MG I 
14 PI  427143 132.1 4.0 -- MG I 
15 PI  081775 150.8 3.3 -- MG I 
16 PI  082183 213.9 3.7 -- MG I 
17 PI  083945-3 277.6 3.7 -- MG I 
18 PI  416978 247.2 4.0 -- MG I 
19 PI  416963 287.6 4.3 -- MG I 
20 PI  416921 258.4 4.0 -- MG I 
21 PI  084810 148.7 3.3 -- MG I 
22 PI  437083 265.6 4.0 -- MG I 
23 PI  424206 164.1 3.0 -- MG I 
24 PI 424199 187.9 4.0 -- MG I 
25 PI 423955 240.3 3.7 -- MG I 
26 PI 417572A 304.6 4.0 -- MG I 
27 PI 086416 166.5 2.0 325.2 MG I 
28 PI 086737 252.3 3.3 -- MG I 
29 PI 088443 139.7 3.7 -- MG I 
30 PI 092468 357.2 3.3 -- MG I 
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31 PI 092469 303.1 3.7 -- MG I 
32 PI 092470 266.8 3.3 -- MG I 
33 PI 096152 263.3 4.0 -- MG I 
34 PI 131531 246.9 4.0 -- MG I 
35 PI 132201 297.4 3.7 -- MG I 
36 PI 132206 275.4 4.0 -- MG I 
37 PI 132215 274.9 3.7 -- MG I 
38 PI 153214 14.0 1.0 196.0 MG I 
39 PI 153215 271.7 3.7 -- MG I 
40 PI 153227 214.3 4.0 -- MG I 
41 PI 153229 247.6 3.7 -- MG I 
42 PI 153236 202.8 4.3 -- MG I 
43 PI 153238 281.6 3.7 -- MG I 
44 PI 153244 102.6 4.0 417.7 MG I 
45 PI 153247 203.0 3.0 -- MG I 
46 PI 153250 354.8 4.3 -- MG I 
47 PI 153253 185.6 4.3 -- MG I 
48 PI 153255 212.8 4.3 -- MG I 
49 PI 153263 279.4 4.0 -- MG I 
50 PI 153266 196.9 4.3 -- MG I 
51 PI 153267 337.8 3.7 -- MG I 
52 PI 153271 255.4 4.0 -- MG I 
53 PI 153274 190.6 3.7 -- MG I 
54 PI 153276 171.9 4.0 -- MG I 
55 PI 153279 164.7 3.3 -- MG I 
56 PI 153282 184.2 3.3 -- MG I 
57 PI 153283 283.9 3.3 -- MG I 
58 PI 153285 266.4 4.0 -- MG I 
59 PI 153287 342.1 3.3 -- MG I 
60 PI 153290 372.4 3.7 -- MG I 
61 PI 153291 140.7 3.3 -- MG I 
62 PI 153294 182.9 4.3 -- MG I 
63 PI 153308 227.1 4.0 -- MG I 
64 PI 153310 335.4 4.3 -- MG I 
65 PI 153311 224.9 4.3 -- MG I 
66 PI 153313 250.4 3.7 -- MG I 
67 PI 153315 298.8 3.7 -- MG I 
68 PI 153316 160.8 2.7 465.3 MG I 
69 PI 417525 168.5 2.0 348.1 MG I 
70 PI 417519B 234.1 2.7 472.2 MG I 
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71 PI 417515 137.4 3.7 -- MG I 
72 PI 417513B 245.2 3.7 -- MG I 
73 PI 184042 240.5 3.0 -- MG I 
74 PI 184043 234.7 3.3 -- MG I 
75 PI 184044 176.7 4.0 -- MG I 
76 PI 184045 220.1 3.7 -- MG I 
77 PI 184046 89.6 2.7 365.7 MG I 
78 PI 189863 348.3 3.3 -- MG I 
79 PI 189864 132.2 3.0 -- MG I 
80 PI 189881 214.9 3.0 -- MG I 
81 PI 189888 162.6 3.7 -- MG I 
82 PI 189890 204.7 3.7 -- MG I 
83 PI 189892 182.8 3.7 -- MG I 
84 PI 189896 290.0 3.0 -- MG I 
85 PI 189907 197.4 3.7 -- MG I 
86 PI 189911 321.4 4.0 -- MG I 
87 PI 189915 258.8 4.0 -- MG I 
88 PI 189917 281.7 3.3 -- MG I 
89 PI 189918 233.1 3.3 -- MG I 
90 PI 189919 315.1 3.3 -- MG I 
91 PI 189921 256.3 4.0 -- MG I 
92 PI 189922 230.9 3.3 -- MG I 
93 PI 189924 263.6 3.7 -- MG I 
94 PI 189925 249.1 4.0 -- MG I 
95 PI 189941 214.8 3.3 -- MG I 
96 PI 189945 355.8 3.7 -- MG I 
97 PI 189946 12.7 1.3 329.1 MG I 
98 PI 189947 240.6 3.3 -- MG I 
99 PI 189966 257.4 3.3 -- MG I 
100 PI 189967 285.8 3.7 -- MG I 
101 PI 189968 250.7 4.0 -- MG I 
102 PI 416974 214.1 4.0 -- MG I 
103 PI 437075 45.2 1.3 250.6 MG I 
104 PI 196325 312.0 4.3 -- MG I 
105 PI 437071 293.4 4.3 -- MG I 
106 PI 204653 273.4 4.0 -- MG I 
107 PI 417572B 297.8 4.0 -- MG I 
108 PI 424195B 360.2 4.0 -- MG I 
109 PI 424202 126.8 4.0 -- MG I 
110 PI 427141 254.1 4.3 -- MG I 
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111 PI 417453 254.5 3.7 -- MG I 
112 PI 436611 264.0 4.0 -- MG I 
113 PI 437074 234.2 4.0 -- MG I 
114 PI 291312 197.8 4.0 -- Sus. Ck. 
115 PI 248397 288.8 3.7 -- MG I 
116 PI 248400 247.3 3.7 -- MG I 
117 PI 248406 247.2 3.7 -- MG I 
118 PI 248407 97.4 3.3 530.9 MG I 
119 PI 248409 122.0 4.0 -- MG I 
120 PI 248410 110.5 3.3 506.3 MG I 
121 PI 248509A 192.5 4.0 -- MG I 
122 PI 250844 171.9 3.7 -- MG I 
123 PI 251585 156.1 3.3 -- MG I 
124 PI 251586 174.0 4.0 -- MG I 
125 PI 253652C 346.1 4.3 -- MG I 
126 PI 253652D 192.2 3.7 -- MG I 
127 PI 253653C 203.1 3.7 -- MG I 
128 PI 253653D 331.3 3.7 -- MG I 
129 PI 253658A 313.9 4.3 -- MG I 
130 PI 253658B 369.7 4.0 -- MG I 
131 PI 253658C 244.6 3.7 -- MG I 
132 PI 290124 252.4 3.7 -- MG I 
133 PI 290126A 188.7 4.3 -- MG I 
134 PI 290128 292.1 4.0 -- MG I 
135 PI 290134 223.3 4.0 -- MG I 
136 PI 290149 364.3 3.3 -- MG I 
137 PI 297502 374.8 4.0 -- MG I 
138 PI 297511 183.6 4.0 -- MG I 
139 PI 297538 183.0 4.3 -- MG I 
140 PI 297551 209.4 3.3 -- MG I 
141 PI 417521 196.5 4.0 -- MG I 
142 PI 417516 279.3 4.3 -- MG I 
143 PI 417513C 281.6 4.3 -- MG I 
144 PI 326579 243.4 3.3 -- MG I 
145 PI 326580 221.8 3.7 -- MG I 
146 PI 342435A 240.9 4.7 -- MG I 
147 PI 424209 327.0 5.0 -- MG I 
148 PI 437081 B 203.7 4.3 -- MG I 
149 PI 347541 205.7 4.0 -- MG I 
150 PI 347542 146.9 4.3 -- MG I 
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151 PI 347543 144.0 4.0 -- MG I 
152 PI 347546A 120.6 3.3 -- MG I 
153 PI 347546B 331.7 4.0 -- MG I 
154 PI 347550A 248.7 4.0 -- MG I 
155 PI 347552A 231.2 4.3 -- MG I 
156 PI 347552B 197.8 4.0 -- MG I 
157 PI 347552C 154.8 4.3 -- MG I 
158 PI 347560 180.8 4.0 -- MG I 
159 PI 417527 166.3 4.0 -- MG I 
160 PI 437086 75.2 3.7 363.9 MG I 
161 PI 417537B 181.3 3.7 -- MG I 
162 PI 417510 182.0 4.0 -- MG I 
163 PI 417143 132.1 4.3 -- MG I 
164 PI 417196A 175.8 4.3 -- MG I 
165 PI 417296 99.6 3.7 416.1 MG I 
166 PI 361057 200.8 4.0 -- MG I 
167 PI 361062A 272.4 3.7 -- MG I 
168 PI 361065A 252.2 3.3 -- MG I 
169 PI 361066A 190.2 3.3 -- MG I 
170 PI 361066B 136.8 4.0 -- MG I 
171 PI 361071B 218.0 4.0 -- MG I 
172 PI 361071C 134.7 3.7 -- MG I 
173 PI 361081 296.0 3.7 -- MG I 
174 PI 361087 191.0 3.7 -- MG I 
175 PI 361088A 140.2 3.3 -- MG I 
176 PI 361088B 176.8 3.7 -- MG I 
177 PI 361089 134.9 3.7 -- MG I 
178 PI 361090 202.0 4.0 -- MG I 
179 PI 361092 187.2 3.7 -- MG I 
180 PI 361093 212.7 3.7 -- MG I 
181 PI 361095 199.8 3.7 -- MG I 
182 PI 361096 191.7 4.3 -- MG I 
183 PI 361098 244.9 3.3 -- MG I 
184 PI 361099 90.5 3.3 496.9 MG I 
185 PI 361104 44.1 3.3 620.9 MG I 
186 PI 361112A 161.3 4.0 -- MG I 
187 PI 361113 257.6 3.3 -- MG I 
188 PI 361117 225.5 3.3 -- MG I 
189 PI 370059 285.2 2.7 -- MG I 
190 PI 372404A 260.4 3.3 -- MG I 
121 
 
191 PI 372416A 185.3 3.0 -- MG I 
192 PI 372418 197.6 3.7 -- MG I 
193 PI 378655 174.9 3.0 -- MG I 
194 PI 378663 27.6 2.0 350.1 MG I 
195 PI 378664A 158.0 3.0 -- MG I 
196 PI 378664B 193.9 3.7 -- MG I 
197 PI 378664C 196.7 4.3 -- MG I 
198 PI 378669C 130.9 3.3 -- MG I 
199 PI 378669D 178.7 3.3 -- MG I 
200 PI 378670A 259.9 4.0 -- MG I 
201 PI 378671 222.6 3.7 -- MG I 
202 PI 378676A 195.8 3.3 -- MG I 
203 PI 378676B 164.1 3.7 -- MG I 
204 PI 378677B 218.9 3.7 -- MG I 
205 PI 378677C 190.2 4.3 -- MG I 
206 PI 378679 416.0 4.0 -- MG I 
207 PI 378680D 132.3 3.7 -- MG I 
208 PI 378680E 233.5 4.0 -- MG I 
209 PI 417327 167.8 3.3 -- MG I 
210 PI 384469A 305.8 4.0 -- MG I 
211 PI 384469B 332.9 4.0 -- MG I 
212 PI 384469C 273.9 4.0 -- MG I 
213 PI 384470 163.1 4.0 -- MG I 
214 PI 401418 286.9 3.3 -- MG I 
215 PI 404156 209.8 3.0 -- MG I 
216 PI 404157 262.3 3.7 -- MG I 
217 PI 404158 307.8 3.7 -- MG I 
218 PI 404192B 202.6 3.3 -- MG I 
219 PI 404192C 379.7 3.7 -- MG I 
220 PI 407712 249.1 3.0 -- MG I 
221 PI 417144 164.7 4.0 -- MG I 
222 PI 417196B 213.2 3.7 -- MG I 
223 PI 417326 198.4 4.0 -- MG I 
224 PI 416906 237.1 3.0 -- MG I 
225 PI 416878 325.0 4.0 -- MG I 
226 PI 416887 202.1 3.7 -- MG I 
227 PI 416911 222.1 4.0 -- MG I 
228 PI 416923 393.8 4.3 -- MG I 
229 PI 416940 337.5 4.0 -- MG I 
230 PI 417076 355.7 4.0 -- MG I 
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231 PI 417139 354.6 3.3 -- MG I 
232 PI 417210 273.8 3.7 -- MG I 
233 PI 417226 200.2 3.3 -- MG I 
234 PI 417227 191.0 4.0 -- MG I 
235 PI 417228 225.6 4.0 -- MG I 
236 PI 417299 248.1 3.7 -- MG I 
237 PI 417300 195.4 4.0 -- MG I 
238 PI 417451 327.3 3.7 -- MG I 
239 PI 423868 230.5 3.7 -- MG I 
240 PI 423872 235.6 4.3 -- MG I 
241 PI 423880 206.8 4.0 -- MG I 
242 PI 423891 199.1 3.7 -- MG I 
243 PI 423937 265.6 3.3 -- MG I 
244 PI 423942 278.5 3.3 -- MG I 
245 PI 423943 240.0 4.0 -- MG I 
246 PI 423944 182.7 3.7 -- MG I 
247 PI 423947 176.9 4.0 -- MG I 
248 PI 423949 300.0 4.0 -- MG I 
249 PI 423987A 267.5 4.0 -- MG I 
250 PI 468907 372.8 4.0 -- MG I 
251 PI 506609 375.3 3.7 -- MG I 
252 PI 506678 271.7 3.7 -- MG I 
253 PI 506700 308.8 4.0 -- MG I 
254 PI 506760 259.2 4.0 -- MG I 
255 PI 506895 257.8 4.0 -- MG I 
256 PI 506900 304.4 4.7 -- MG I 
257 PI 507229 313.6 4.0 -- MG I 
258 PI 507319 328.6 3.7 -- MG I 
259 PI 507354 339.4 3.7 -- MG I 
260 PI 507373 185.3 2.7 399.0 MG I 
261 PI 507521 252.4 3.7 -- MG I 
262 PI 511868 383.2 4.0 -- MG I 
263 PI 518291C 194.8 3.7 -- MG I 
264 PI 538388 164.4 2.7 326.5 MG I 
265 PI 538393 273.6 3.7 -- MG I 
266 PI 561229 298.6 4.0 -- MG I 
267 PI 561231 365.9 3.0 -- MG I 
268 PI 561233A 217.2 4.0 -- MG I 
269 PI 561235 217.4 3.3 -- MG I 
270 PI 561237 313.0 4.0 -- MG I 
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271 PI 561239 205.3 3.7 -- MG I 
272 PI 561368 255.0 4.0 -- MG I 
273 PI 561369 284.4 3.7 -- MG I 
274 PI 561374 315.7 4.0 -- MG I 
275 PI 562387 275.0 3.3 -- MG I 
276 PI 567155A 235.9 3.3 -- MG I 
277 PI 567163 321.0 3.7 -- MG I 
278 PI 567250A 62.4 2.3 64.4 MG I 
279 PI 567255A 290.2 3.7 -- MG I 
280 PI 567417A 258.2 3.3 -- MG I 
281 PI 567473A 237.8 3.7 -- MG I 
282 PI 567541B 57.0 1.3 44.0 
rag4 and 
rag1c 
283 PI 567543C 41.7 1.0 76.3 Rag3 
284 PI 567597C 40.3 1.7 33.1 Res. Ck. 
285 PI 578386 332.3 3.3 -- MG I 
286 PI 578392A 191.1 3.3 -- MG I 
287 PI 578417A 224.4 3.3 -- MG I 
288 PI 578496 269.2 4.0 -- MG I 
289 PI 592899 148.8 4.3 -- MG I 
290 PI 592925 164.1 3.7 -- MG I 
291 PI 593969 243.6 3.0 -- MG I 
292 PI 593970 244.0 4.0 -- MG I 
293 PI 594170A 280.8 3.7 -- MG I 
294 PI 594198 205.3 3.7 -- MG I 
295 PI 594200 241.2 3.7 -- MG I 
296 PI 594276 181.1 3.3 -- MG I 
297 PI 594296 148.9 3.3 -- MG I 
298 PI 594304A 216.5 4.0 -- MG I 
299 PI 594314 164.4 3.7 -- MG I 
300 PI 594455A 258.4 3.7 -- MG I 
301 PI 594898 207.1 4.0 -- MG I 
302 PI 597386 343.4 4.7 522.6 Sus. Ck. 
303 PI 597406 178.6 3.7 -- MG I 
304 PI 597428 166.7 3.0 -- MG I 
305 PI 597436 210.6 3.0 -- MG I 
306 PI 603312 114.0 3.7 -- MG I 
307 PI 603317 191.1 4.0 -- MG I 
308 PI 603318 282.8 4.3 -- MG I 
309 PI 603326 134.3 2.3 304.0 MG I 
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310 PI 603334 284.2 4.0 -- MG I 
311 PI 603339A 75.4 2.3 109.4 MG I 
312 PI 603346B 129.7 4.0 -- MG I 
313 PI 603355 222.2 4.0 -- MG I 
314 PI 603378A 329.6 4.0 -- MG I 
315 PI 603379 170.3 4.0 -- MG I 
316 PI 603400 233.0 3.7 -- MG I 
317 PI 603546A 74.0 2.3 353.5 MG I 
318 PI 603561 271.8 4.0 -- MG I 
319 PI 603587A 84.5 2.0 358.4 MG I 
320 PI 603659 315.0 4.0 -- MG I 
321 PI 603698B 300.4 4.0 -- MG I 
322 PI 603698E 189.5 4.0 -- MG I 
323 PI 603698I 244.5 4.3 -- MG I 
324 PI 603704A 91.8 4.0 513.2 MG I 
325 PI 603712 42.3 2.3 25.9 Res. Ck. 
326 PI 603727 269.2 3.7 -- MG I 
327 PI 603750A 267.7 3.7 -- MG I 
328 PI 603754 331.5 4.0 -- MG I 
329 PI 603758A 330.0 4.0 -- MG I 
330 PI 603758B 357.9 4.0 -- MG I 
331 PI 612706A 222.4 4.3 -- MG I 
332 PI 612708B 255.3 4.0 -- MG I 
333 PI 612709B 227.0 4.0 -- MG I 
334 PI 612711B 189.0 4.0 -- MG I 
335 PI 612727 288.8 3.0 -- MG I 
336 PI 612738 265.2 4.0 -- Rag1 
337 PI 548663 61.0 1.0 86.2 Rag2 
338 PI 243540 310.2 1.3 472.9 MG I 
339 PI 404155B 366.6 4.3 -- MG I 
340 PI 416915 313.2 4.3 -- MG I 
341 PI 567598B 47.3 1.3 30 rag1b 
† Rag1, Rag2, Rag3, rag4, rag1b and rag1c are aphid resistance genes; MG = maturity 
group.  
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APPENDIX III 
Distribution and density of SNPs (MAF ≥ 0.05) that were used in GWAS across the 
soybean genome. 
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APPENDIX IV 
Manhattan plots of GWAS for soybean aphid resistance. 
 
